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THEME 


This  Symposium  had  the  objectives  of  presentation,  discussion  and  publication  of  new  research  results  in  surface 
propagation  characteristics  for  modem  systems  applications  in  relevant  frequency  ranges  (radio  to  optical  frequencies).  System 
examples  arc  tactical  communications,  target  acquisition,  terrain-following  instrumentation,  etc. 

Modem  system  development  requires  serious  attention  to  the  operational  environment  and  variations  it  experiences  due 
to  natural  and  artificial  influences.  Applications  based  on  propagation  in  the  vicinity  of  the  earth  surface  predominantly  depend 
on  characteristics  of  the  near-ground  propagation  medium  as  well  as  on  its  lower  boundary,  the  ground-surface,  or  on  the 
“terrestrial  propagation  characteristics”. 

Research  work  carried  out  during  the  last  few  decades  has  resulted  in  data  banks  and  other  information  on  average 
behaviour  of  parameters  concerned,  such  as  ground  profiles,  vegetation  and  electrical  characteristics.  An  efficient  operation  of 
modem  systems  of  communication,  surveillance,  guidance  and  control  requires  more  and  more  details  of  ground  data  and, 
particularly,  optheir  deviation  from  average  values  on  account  of  anthropogeneous  effects  in  addition  to  seasonal  and  diurnal 
variations,  c _ 

The  Symposium  covered  the  topics  listed  below;  the  Avionics  Panel  cooperated  in  fields  of  common  interest,*  ' 

1.  Ground  characteristics,  profiles,  contours  and  vegetation, 

2.  Near-ground  tropospheric  interface  (including  modification), 

3.  Diffraction  and  shadowing  effect^ 

4.  Refraction  and  reflection  at  medium  boundaries, 

5 .  Measurements,  data  assembling  and  processing, 

6.  Applications  in  communication  systems  (including  antenna  effects), 

'  7.  Criteria  in  surveillance;  system  aspects  in  guidance  and  control. 


Ce  symposium  avail  pour  objcctib  in  presentation,  la  discussion  et  la  publication  ties  rEsultats  des  demi&re*  recberches 
dans  le  donvtine  des  caractEristiques  do  propagation  on  surface  en  vuo  (('applications  dans  des  systEmes  EvoluEs  dans  un  spectre 
do  frequence  significatif  (des  frequences  radio  aux  frequencies  optiques).  Des  exemples  de  tela  systEmes  soot:  communications 
toctiques,  acquisitions  d’objectif,  Equipments  pour  suivi  de  terrain  etc. 

U>  ddveloppemett;  de  systems  modesties  demande  de  prEter  unc  attention  partlculiEre  4  renvironnement  opEratlonnel  et 
4  ses  variations  dfies  aux  influences  naturellc*  et  artifleieiles  Le*  applications  fondees  *ur  hi  propagation  au  voisinage  de  la 
surface  terrestre  dEpcndem  principulcmcnt  des  caractEristiques  de  la  propagation  moyeene  pr  Es  du  sol  aittsi  que  do  relief, 
surface  du  sol.  uu  des  “caractEristiques  de  la  propagation  terrestre*. 

Us  travail*  do  recherche  conduits  pendant  ecs  demiEre*  dEeades  oat  fourni  des  banque*  de  donnEcs  et  d'sutres 
informations  sur  t'environneroent  moyen  det  paramEtres  eottcernEs.  tels  que  profit  du  sol,  vEgEtation  et  caractEristiques 
Elect  riques.  L’efflcaeitd,  opEwtinnnctie  des  systEmes  moderoe*  de  communications.  surveillance,  guldsgc  et  contrdie  demande 
de  plus  en  plus  cn  do  dEtalls  sur  le*  donnEcs  duuict,  plus  partieullEr  ement,  de  lews  Ecaru  par  rapport  aux  valeurs  rooyenne*  en 
tenant  compte  des  effet*  anthrojwgEniqucs  4  ('addition  des  variation*  saisonniErc*  et  diverse*. 

Cc  symposium  a  oouvert  Uts  sujets  d-dcuou*  et  ia  commission  Elcctr  unique  AEr ospatiak  a  eoopero  E  tous  tea  dowaincs 
duuErEt  comwun. 

1.  CaractEriitiquesdu  sot,  profits,  contours  et  vEgEtation. 

2.  Interface  troposphEriqueprechedeia  surface  deta  term. 

3.  Diffraction  et  effets  d'ombre. 

4.  REfraction  et  reflection  aux  it  mites  moy  cones. 

3.  Mesurca,  ensemble  do  donnEcs  et  processus  decaleuL 

6.  Application*  aux  syuEiocade  conmmmc*  lions  (comprenant  les  cfleti  daaicnftcs). 

7,  Csiterc*  des  sytiEmc*  dc  sumtUaace;  aspects  sywEme  da&,  te  guidage  et  le  contrfilc. 
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PREFACE 


With  its  symposium  ‘Terrestrial  Propagation  Characteristics  in  Modem  Systems  of  Communications,  Surveillance, 
Guidance  and  Control”,  the  Electromagnetic  Wave  Propagation  Panel  adhered  to  its  practice  of  permitting,  in  intervals  of 
several  years,  a  complete  coverage  of  interim  results  and  of  the  state  of  the  art  reached  in  a  field  of  continuous  interest.  The 
meeting  took  place  in  Ottawa,  Canada,  from  20th  to  24th  October  1986.  The  Conference  Proceedings  contain  papers  and 
contributions  to  discussions.  Volume  one  deals  with  the  unclassified  portion  of  the  meeting;  volume  two  contains  the  materials 
produced  in  the  classified  sessions  of  the  meeting 

In  the  field  of  electromagnetic  wave  propagation,  essential  limiting  conditions  may  be  represented  by  characteristics  and 
behaviour  of  upper  and  tower  boundaries  of  the  propagation  environment  The  performance  of  propagation  paths  may  depend 
significantly  upon  variations  in  such  surface  properties.  In  addition,  modem  system  development  requires  serious  attention  to 
the  operational  environment  and  changes  it  experiences  due  to  natural  and  artificial  influences. 

During  the  symposium,  the  entire  field  was  dealt  with  in  six  sessions,  concerning  ground  characteristics  and  their  effects, 
diffraction  and  shadowing  effects,  refraction  and  reflection  at  medium  boundaries,  general  system  applications,  special  system 
applications,  and  special  experimental  results.  A  round-table  discussion  at  the  conclusion  of  the  meeting  assisted  in  clarifying 
the  present  state  of  the  art,  engineering  aspects,  and  promising  areas  of  research.  Examples  of  Emerging  Technologies  referred 
to  system  adaptation  with  respect  to  terrestrial  propagation  characteristics  and  their  effects  on  communications,  surveillance, 
and  guidance  and  control 

In  summary,  this  Symposium  provided  the  intended  review  cm  the  state  of  the  art  in  this  field  of  research,  discussed 
theoretical  and  experimental  aspects,  including  system  planning,  and  Indicated  promising  areas  for  further  investigations.  The 
Conference  Proceedings  give  a  full  account  of  papers  and  discussions. 

Gratefully  acknowledged  are  the  cooperation  and  assistance  rendered  by  Dr  I\  Palmer  as  co-chairman  of  the  programme 
committee,  and  by  its  members,  Ing.  eu  Chef  LJloiihiax.  Prof.  Adnee,  Mr  J  .Rasmussen,  Dr  DJiother,  Dr  S-Rotheram.  and  Ir. 
H.Vhtsinga. 

Appreciation  is  furthermore  expressed  to  ah  who  assisted  hi  the  organisation  of  the  Symposium  as  well  as  in  the 
compilation  of  the  Proceedings,  to  authors  and  contributors  to  docussluos,  to  session  chairmen,  to  the  host  coordinator.  U) 
AUAKD  staff  and  other  collaborators. 


HJ.Albrechi 

Editor 
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'  Terrain  related  vr  riables  are  shown  to  be  important  in  an  asymptotic  prediction 
equation  for  the  worst-month  multipath  fade  depth  distribution.  From  a  fading  data  base 
for  43  links  in  Korth  Western  Europe,  equation*  are  developed  employing  up  to  sis 
variables  and  an  additional  variable  geoclimetie  factor.  The  best  standard  error  of 
prediction  is  2.6  da,  considerably  better  than  that  available  from  other  prediction 
methods  for  the  seme  region.  A  large  number  of  verieblee  ere  investigated.  most  ot  them 
cloeely  related  to  the  terrain.  The  results  suggest  that  terrain  reflections  play  an 
important  role  in  multipath  propagation.  .. 

4.  XjmiOOOCTIOH  / 


in  the  design  of  high  capacity  llna-ot-eight  digital  radio  links,  there  returns  e  need 
for  e  more  accurate  prediction  equation  for  the  aultipeth  fade  depth  distribution  in  en 
a verags  worst  month,  (ingle  frequency  neeeureaeate  have  been  conducted  by  many  countries 
to  obtain  their  own  prediction  equations-  By  combining  ell  these  measurements  it  might  be 
possible  to  develop  an  aecurata  aquation  using  simple  radio-link  parameters  under  variable 
geoclinecic  conditions  [1).  This  would  improve  the  prediction  of  outage  time  using  methods 
employing  the  alagla  frequency  equation.  Indead,  such  single  frequency  models  nay 
themselves  become  even  more  important  in  prediction  ot  outage  time  as  equalisers  ere 
improved. 


Prom  earlier  work  (2,3,41  it  is  clear  that  the  terrain  plays  seme  role  in  the 
multipath  fade  depth  distribution,  h  terrain  roughness  parameter  has  been  used  with 
success,  for  example,  in  several  prediction  equations.  This  was  usually  assumed  do  be  due 
to  the  feet  that  the  terraie  appears  to  have  e  role  in  the  process  in  which  abnormal 
atmospheric  lepers  ere  created  and  broken  up.  Rvcm  more  directly,  it  mow  appears  that 
ground  reflection  is  1 evolved  la  men)  of  the  tel active  fading  events.  This  is  discussed  m 
more  detail  in  a  companies  paper  (51. 

Using  worst  month  data  (or  4T  links  in  north  Western  Europe,  in  this  pnper  a  number  of 
different  terrain  toughness  parameters  are  analysed  la  combination  with  other  plausible 
predictor  variables  to  (ltd  their  relative  importance  in  so  empirical  marrow  bend 
predictloa  aquation  based  on  tbe  wall -Haems  power-lew  form  (C),  Two  of  these  parameters 
ere  already  in  see  is  the  design  of  line  ’-sight  tubs,  others  are  also  considered,  one 
commonly  used  for  ducting  transmission  lues  calculations  on  trearhotitoo  links  (7).  it  u 
found  that  terrain  roughness  cannot  be  discounted  ee  s  factor  le  the  physical  process 
causing  multipath  fading,  but  that  two  othat  variables  besides  path  length  and  frequency 
ere  better  predictors,  these  ere  tbe  path  inclination,  end  tbe  grating  eagle  for  epecuier 
ground  reflection. 

2.  METRICAL  NOME,  AMD  -SOCEKHtt 

The  model  investigated  in  this  paper  la  baaed  on  the  empirical  asymptotic  power -lew 
equation  ter  tbs  deep  fading  range  [(}  relating  the  probability  F  that  (ad#  depth  a  Ida) 
in  exceeded  ca  a  product  or  several  indapeedsae  parts, 

»  •  k  «  ykjl*1  10*WW  (t» 

where  «v  ate  coastaata  a.  are  predictor  variables,  f.  functions  of  the  variable*,  inks 
geocl initio  (actor  in  the  regioe  in  which  tbe  predictloa  equation  is  used.  The  Rayleigh 
slope  ot  iMt/dTcede  la  employed.  Linear  multiple  regreseioa  (tj  is  used,  end  (or  this 
technique  «q,  (1)  is  transformed  to  the  logarithmic  form 

h  •  0  ♦  c  ♦  t(a1log(f1(ai)J)  -  lOloglf) 


(2) 
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where  the  regression  coefficient#  e.-lOo,  end  G+c-IOlogtlc)  are  cons tents .  For  the 
regressions  a  fixed  reference  probaBiltyiof  0.0U  of  the  tine,  is  chosen  end  eg.  (2)  is 
changed  to 

*0.01  -  °i  •  •.  +  r  WV  <3) 

where  the  index  i  denotes  different  geoclinatic  groupings  of  the  data  and  a  «c-101og(F) . 
The  function  F,  is  introduced  to  denote  the  fact  that  soaetines  a  variable  is  employed 
directly  in  the  Multiple  regression,  without  first  taking  the  logarithn. 

To  obtain  0.,  iterations  are  done  the  following  way.  Having  a  set  of  variables,  the 
first  fit  is  carried  out  normally  with  all  O.,»0.  A  nean  prediction  error  is  computed  for 
each  geoclinatic  group,  and  the  fade  depth  in  the  corresponding  groups  notified  by  this 
error.  Then  a  new  regression  is  performed  with  the  Modified  values  of  A  .  This  is 
continued  until  the  seen  errore  are  negligible  in  ell  geoclinatic  groups.  The  technique 
was  introduced  in  [9],  but  the  single  iteration  used  later  found  to  be  insufficient  Cl]. 

Sons  statistical  tests  [6]  are  perforaad  os  the  results  to  Measure  statistical 
significance  and  goodness  of  fit.  The  Student'a-t  statistic,  indicating  the  significance 
of  each  variable  is  presented.  Also  given  are  the  variance  ratio  statistic  F  and  Multiple 
determination  coefficient  A  ,  indicating  the  significance  of  the  overall  regression.  The 
critical  values  for  t  and  r  statistics  for  a  5\  level  of  significance  are  eaployed.  The 
■ain  Measure  of  the  goodness  of  the  fit  used  is  the  standard  error  of  regression  a. 


me  neouoon  -  lanhion 


DilUnce  (km] 

Pig,  t.  A  typical  path  profile  with  so*e  variable*  indicated. 


).  CWtCf  «  vuiuut 

Many  of  the  variable*  considered  in  this  paper  are  related  directly  to  the  path 
terrain  profile  (Pig.  <).  These  ste  as  follow#! 

a,  •  terrain  roughness  patssetera.  Pour  psteaeters  {>•),<)  are  included,  all  using 
pr  file  saapia  dietance*  of  t  ha,  0.5  te,  and  0.1  ha.  in  calculating  tfcass 
parameters,  a  I  is  iatarval  is  asclwdsd  at  both  ends  of  the  path,  a,  fin  Metres! 
la  defined  as  the  tas  value  of  the  height*  above  the  **ah  height.-  cm  aradt  is 
tha  rns  value  of  the  terraia  slopes  between  adjacent  point*  on  the  profile:  »}  (in 
»*t re si  la  the  sea#  a*  #f,  but  with  the  regression  curve  through  the  terrain  * 
height*  r "average  path  profile")  at  a  reference  instead  of  the  Mesa  height,  and  «, 
it*  setrae)  ip  the  dlffatsnca  between  the  90%  and  !(H  point*  of  the  cuaulativa 
distribution  of  tha  heights .  *,  and  *f  era  used  in  (S)  and  #t  in  ( T ) . 

#t  *  tha  terraia  slope  (in  erad)  obtained  from  the  eagle  between  the  evernge  path 
profile  and  tha  horiaoatal. 
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T  ■  the  profile  autocorrelation  distance  (in  metres)  [10]. 
tanec  »  2»3/t,  a  diffuse  reflection  variable  that  nay  be  interpreted  as  the  nean  ratio  of 
the  vertical  and  the  horizontal  irregularities  [10]. 

Another  group  of  variables  deternined  by  both  the  terrain  profile  and  the  path  are 
(rig.  1)s 

hfc  -  the  average  path  clearance  (in  netres)  taken  as  the  clearance  to  the  nean 
profile  height  at  nidpath  for  three  values  of  effective  earth  radius  factor 
k*«,  4/3,  and  1. 

hob  •  the  clearance  (in  netres)  from  the  most  doninant  obstacle,  for  k«4/3. 
hfr  •  the  clearance  for  the  doninant  obstacle,  in  nunber  of  Fresnel  zones,  for 
k«4/1. 

cp  >  the  path  inclination  (in  nrad)  with  respect  to  the  horizontal,  for  k— . 

ap  »  the  path  height  (in  netres)  above  the  sea  level  taken  at  nidpath,  for  k»4/3 . 
v  a  grazing  angle  (in  nrad)  associated  with  the  average  path  profile,  fgr  k«4/3. 

Ka  »  2(hfc* /*t*+hr*  /*r*  )'^2  /8i  *  diffuse  scattering  parameter  for  the  situation  when 
the  antenna  beans  are  narrow  [10,5],  I.  and  l£  are  the  half  power  beanwidths 
(in  nrad)  of  the  transacting  and  receiving  antennas,  respectively. 

Kg  •  (ht+hr)/(d  tanoB)),  a  diffuse  scattering  parameter  for  the  situation  when  the 
antenna  beams  are  wide  [10,5].  Here,  hfc  and  h£  are  the  transnitter 
and  receiver  antenna  heights  above  the  average  path  profile. 
a/0g2  «  a  multiplication  factor  associated  with  diffuse  scattering  [10],  where 

a-(»t2+«r2),/2/2O00. 


Finally,  a  third  group  includes  those  variables  associated  only  with  the  link: 

d  °  path  distance  (in  kn) . 

f  -  radio  link  frequency  (in  ORz) . 

*  “  <8t*r*'/*'  th®  geonetric  nean  beanwidth. 

In  the  regressions,  the  function  f.(«)«1+|»l  on  the  variables  t  and  *.  is  used  rather 
than  the  raw  variables  [1],  p  t 

4.  DATA 

The  fading  data  were  collected  in  France  [4]  and  the  ox  [1]  over  the  past  30  years. 

The  neasurenent  period  for  nearly  all  the  47  links  used  in  the  analysis  is  from  one  year 
up  to  five.  For  four  links  in  France,  this  period  is  about  half  a  year,  but  the  worst 
calendar  nonth  is  believed  to  be  included.  The  envelope  of  all  monthly  cumulative 
distributions  for  a  year  is  taken  as  the  distribution  for  the  worst  month,  and  the  nean  of 
these  are  used  in  the  case  when  several  years  of  data  are  available.  Two  points  are  chosen 
from  these  distributions  whenever  possible.  One  is  the  first  point  considered  to  be  in  the 
‘tail*  region,  (i.e.,  having  the  lowest  fade  depth).  The  second  is  one  decade  lover  in 
probability.  The  ‘tail*  region  is  the  part  of  the  distribution  which  it  approximately  a 
straight  line  and  having  approximately  the  Rayleigh  slope.  The  reference  tail  fade  depth 
A  is  obtained  by  translating  the  fade  depth  for  the  first  tail  point  to  0.01\  of  the 
tlhe  using  the  Rayleigh  slope. 


Number  of  links  In  the 
different  geographical  groups. 


NE,  North  East;  8 

EA,  East  Anglia;  8 

SAM,  South  and 

Midlands:  8 

SW,  South  West;  4 

Bri,  Brittany:  S 

PAN,  Paris  and 

Nancy:  S 

Oij,  Dijon:  4 

MAM,  Montpellier  and 

Mont  Marten:  S 

Total  47 


Fig.  2.  geographical  distribution  of  the  links  in  the  analysis. 
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The  geograpical  distribution  of  the  links  Is  shown  in  Fig.  2.  The  nap  gives  the 
borders  for  the  date  groups.  The  OK  links  were  grouped  in  the  same  Manner  as  indicated  in 
(93  using  both  geographical  proxinity  of  the  links  and  residual  error  trends.  The  French 
links  were  grouped  using  the  contours  of  refractivity  gradient  for  one  summer.  These  nay 
be  changed  as  additional  data  becoae  available  [4],  The  data  base  currently  covers  the 
path  length  range  7. $-95  ka,  and  the  frequency  range  2-37  OHz 

S.  MSOIiTS  OF  ANALYSIS 

5.1  Accuracy  of  Kayleigh  slope  assumption. 

Since  the  prediction  equation  use  a  10  dB/decade  slope,  this  is  the  first  assuaption 
to  verify,  second  tail  points  are  available  fros  the  distributions  for  3S  links.  These 
together  with  the  first  tail  point  give  a  wean  slope  10.2  rO.S  dB,  where  the  95V 
confidence  liaits  are  based  on  twice  the  estimated  standard  error. 

5.2  Effect  of  profile  sample  distance  on  terrain  roughness. 

One  parameter  derived  from  the  path  profile  is  the  terrain  roughness  «, ,  and  this  is 
often  used  as  a  third  variable  in  the  prediction  equation  in  addition  to  d-'and  f  [2,3,9]. 
Shown  in  Table  I  are  the  aean  and  standard  deviations  of  the  differences  between  the 
roughness  values  for  0.5  and  1.0  km  sample  distances  and  those  for  the  references  0.1  ka 
sample  distance,  it  is  seen  that  a.  and  s.  are  more  sensitive  to  the  sample  distance, 
indicating  that  at  least,  1.0  km  simples  should  be  avoided  for  these  two.  Since  there  is 
little  variation  for  the  other  two,  only  0.5  and  0.1  km  sample  distances  are  Included  in 
the  correlation  and  regression  calculations. 


Table  It  The  aean  and  estimated  standard  deviation  for  the  difference 
between  the  s,  values  with  sample  distance  of  0.5  and 
1.0  km  with  respect  to  those  for  0.1  ka. 


!  mean  j 

standard 

deviation 

0.5 

1.0 

0.5 

1.0  [km] 

ll 

0.37 

0.94 

0. 16 

1.37 

-8.96 

-15.2 

6.41 

10. 0 

0.30 

0.79 

0.49 

1.23 

• 

1.55 

2.53 

5.96 

11.3 

5.3  cross-correlation  coefficients. 

Table  II  gives  the  correlation  matrix  of  pairwise  correlation  coefficients  for  all  the 
variables  F.U,)  and  reference  fade  depth  A  .  First,  in  this  matrix  the  absolute  value 
of  the  correlation  coefficients  between  A.  And  the  variable  functions  indicate  which 
variable  should  be  the  first  to  sntsr  the  digression  equation,  secondly,  it  is  of 
considerable  help  in  interpreting  the  regression  results.  If,  for  exenple,  two  variables 
are  highly  correlated,  it  is  difficult  to  distinguish  them  from  each  othar  if  they  are 
used  in  the  same  equation. 


TABU  lit  Cronn-oorrelatioa  coafficlents  in  percent  for  nil  the  variables. 
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Table  XI  show*  that  path  length  has  «  high  correlation  coefficient  with  the  fade 
depth,  but  not  the  highest,  it  is  the  gracing  angle  which  seems  to  be  aost  correlated.  The 
correlation  coefficient  for  a  was  also  coaputed  without  first  taking  the  logaritha  (e.g., 
eg.  3),  and  the  value  of  -0,56  is  the  highest  correlation  coefficient  obtained  so  far  with 
a  single  variable.  But  neither  g  nor  log's?  give  a  lower  standard  error  for  the  single 
variable  fit  after  iteration  than  did  log(d).  It  should  be  noted  that  log(d)  shows  a 
fairly  high  correlation  with  several  other  variables  of  interest  such  as  roughness  and 
freguency.  This  expresses  the  feet  that  links  over  rough  terrein  tend  to  be  longer  than 
average,  and  that  the  highest  frequency  links  tend  to  have  shorter  than  average  path 
lengths.  This  end  other  correlations  in  data  for  operational  links  are  unavoidable,  so 
that  care  aust  be  taken  in  interpreting  the  regression  results. 

5.4  legressioa  equations. 

A  systematic  procedure  was  followed  in  the  present  analyais  to  obtain  regression 
equations  with  an  increasing  nuaber  of  variables.  Froa  the  correlation  matrix  (Table  II) 
some  promising  variables  are  picked.  An  iterative  regression  is  carried  out  for  each  of 
them  and  the  variable  giving  the  lowest  standard  error  o  is  chosen  to  enter  the  equation. 
The  prediction  errors  from  the  model  with  this  variable  ere  then  correlated  with  all  the 
other  variables  and  a  new  set  promising  candidates  ere  picked  to  be  added  to  the 
regression  equation.  This  process  is  stopped  after  the  sixth  variable.  The  results  are 
presented  in  Tables  III, XV,  and  V. 


table  ilii  Coefficients  and  Student ‘s-t  statistics  froa  regressions  before  and  after 
iteration. 


Variables 

Regression  coefficients 

(2  3  4 

5 

4a 

4b 

<c 

Student ‘s-t  statistics)  theoretical  values 
for  5%  significance  level  are  given  first. 

1  2  3  4  5  4a  Sb  4c 

Constant 

-1.73 

5.47 

-U.  3 

1.74 

7.43 

-27.4 

4.07 

3.61 

2.01 

2.02 

2.02 

2.02 

2.02 

2.02 

2.02 

2.02 

•) 

-17.3 

-4.51 

-25. 1 

-16.2 

-1.57 

-14.2 

-10.4 

-4.40 

log(d) 

15.3 

16.4 

25.4 

20.1 

15.4 

21.0 

17.5 

15.4 

4.54 

5.35 

4.03 

4.51 

2.56 

3.43 

2.54 

2.50 

*) 

27.0 

24.3 

35.7 

32.5 

25.1 

25.7 

24.2 

24.1 

5.30 

10.5 

12.7 

12.4 

4.57 

4.64 

7.14 

4.54 

log(f(t  )} 

-12.1 

-14.0 

*11.4 

-13.2 

-11.6 

-7.72 

-12.4 

-4.70 

-5.38 

-4.  S3 

-4.56 

-4.66 

-1.65 

-4.33 

9 

-12.5 

-14.1 

-11.4 

-13.2 

-12.5 

-11.3 

-13.6 

-4.74 

-8.25 

-7.34 

-7.40 

-7.33 

-0.45 

-7.07 

log(f) 

5.51 

7.5S 

7.0$ 

14,0 

7.54 

4.75 

2.42 

2.54 

2.24 

4.31 

2.46 

2.14 

•) 

6.85 

5.34 

7.42 

5.24 

7.64 

7.37 

4.00 

4.45 

3.52 

4.06 

4.13 

3.50 

log(e) 

-11.5 

-15.4 

-15.2 

-15.2 

-15.6 

-3.15 

-3.24 

-3.71 

-3.24 

-3.33 

*) 

-12.1 

-«.4 

-14.5 

-15.5 

-14.3 

-5.30 

-5.75 

-5.52 

-5.54 

-5.72 

log(s  ) 

4.53 

4.46 

5.00 

4.05 

1.24 

1.61 

1.43 

1.12 

*)  * 

5.44 

5.15 

5.14 

5.57 

2.41 

2.70 

2.37 

2.74 

io*<6> 

14.7 

3.00 

•1 

3.53 

1.34 

log(f (afc)> 

-7.63 

-1.03 

*)  * 

-3.14 

-1.17 

log(h^) 

3.55 

1,04 

*3 

-3.04 

-1.54 

*)  after  30  iterations 


Telle  lit  presents  the  regression  coefficients  end  the  corresponding  Btudent's-t 
statistics  from  before. and  after  the  iteration.  The  order  of  variables  froa  the  top 
indicates  the  order  of  importance  dorm  to  and  including  the  fifth  variable  a  .  At  evident 
froa  the  Student 's-t  statistics,  ell  five  verisbles  era  significant,  at  least  after 
iteration.  The  results  for  three  possible  six  variable  combinations  sra  also  given,  but 
only  the  geometric  mean  baamwidth  t  shows  soaa  signiflcancs  befors  itsration.  Ths  lack  of 
slgnificancs  of  (  after  itsration  may  bo  duo  to  tha  fact  that  its  distribution  froa  one 
geocliastic  region  to  another  varies  too  such.  For  such  variables  it  might  be  batter  to 
establish  ths  coefficient  only  froa  regression  without  itsration.  Investigation  is 
continuing. 


TABU  rVi  Oeoolimetlc  factors,  standard  errors  (o) ,  multiple  determination 
coefficients  (A  3,  and  F-test  for  ths  regressions  in  Table  III. 


Rett,  la 
tab.  Ill 

heoclimetic  factors  fur  the  regions  (ds)i 

as  u  hm  m  w  ni 

Mb 

9  [48] 

«*  (%) 
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i 

-4.1 

e.f 

-5.0  -0.1 

0.4  0.1 

t.l 

0.2 
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31,2 

45,4 
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-3.C 

2,4 

5,1 

3.4 

40.1 

15.1 

22.3  W.T  (2.42) 

4 

-3.5 

4,0 

-4,2  *2.2 

3.0  -1.6 

-2,4 

1.5 

4,3 

2.5 

<1.3 

00.4 

22.4  191.0  (2.5*) 

* 

*31 

7.5 

-4.1  *2.7 

2.7  -2.0 

-0.2 

1.4 

4.4 

2.1 

45.5 

*1.1 

11.7  04,1  (2.44) 

4a 

-3,4 

7.4 

-4.2  -2,4 

1.2  -2.1 

-0.7 

1.7 

4.0 

2.1 

77.5 

*1.2 

23.4  l*.1  (2.34) 

4b 

•3.1 

7.4 

-4.2  -2.1 

2,3  -2.1 

•0.1 

M 

f.S 

2.4 

71.0 

*1.3 

17,0  40.7 

«c 

-4.13 

7.0 

-4.4  -2,7 

3.4  -1,4 

0.1 

7.2 

4.1 

2.1 

70.4 

(1.5 

15.4  72,1 

Table  IV  gives  the  measures  of  goeduass  of  t*e  fit  fox  each  regression,  and  ths 
gsoeiidhtio  correction  factors  obtained.  (The  goodness  of  tit  values  without  Item  tot  ere 
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in  the  columns,  those  with  itetation  on  the  light.)  ha  expected  (ton 

reBu^“  t1].  the  range  in  the  geocliaatic  factor  over  all  regions  tends  to 
decrease  as  additional  variables  are  added. 

the  £otr*1*t*on  coefficients  between  the  residuals  fros  each  model  and 

notwll  in,  highest  values  sight  appear  low  at  first  glance,  this  is 

, ln  *  multivariable  problem  such  as  this.  The  student-t  statistics  indicate 

.  "?* tho  fifth  variable,  and  the  goodness-of-f it  statistics  indicate 
an  increasingly  'tter  fit  as  sore  variables  are  added.  The  four  variable  sodel  would  sees 
iu  f  ®oca  tr*?eo?f  be«;“8en  accuracy  and  practicality,  but  further  investigation 

is  warranted  be.o-e  a  final  prediction  equation  (or  equations)  are  suggested  for  this 
region  or  the  wo*. id. 


TABLE  V;  Results  of  correlation  analysis  on  residuals.  The  correlation  coefficients  are 
between  the  residuals  for  a  sodel  (predicted  -  measured  values)  with  iteration 
given  in  Table  III  and  IV  and  the  remaining  variables. 

Residuals  I  Logarithm  jf  d,  f,  .  o 

after  a  |  d  f  s.  s.  s.  s.  s.  a  tana  — *  h  h...  h.  h_.  h.  a  •  aia.n  *.  . 

sodel  with 


log(d) 

♦  log(f(«  )) 

♦  log(f)  p 

♦  log(e) 

+  log ( s  ) 


It  is  noteworthy  that  the  order  of  variable  importance  resulting  from  the  systematic 
approach  followed  would  be  slightly  different  if  the  t-statitics  after  iteration  were 
considered i  <p  and  f  would  be  interchanged,  and  possibly  f(<D)  and  d.  It  must  be 
emphasized,  however,  that  the  question  of  order  is  less  important  than  the  final 
combination  of  variables. 
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Fade  depth 


Fade  depth 


Fig.  3.  Prediction  errors  with  respect  to  47  first  "tail"  data  points  at  0.01A  of  the 
time  for 

a)  the  model  in  C6]  for  North  Western  Europe. 

b)  the  sodel  based  on  d,  f(c  >,  f,  m,  s  (100s  samples),  and  geoclimatic 

variation.  p 


The  overall  improvement  for  the  five  variable  model  in  Tables  III  and  IV  compared  with 
the  existing  model  presented  in  [6]  for  North  Western  Europe  is  demonstrated  in  Fig,  3, 
with  the  residuals  (predicted  -  measured  values)  plotted  against  the  measured  values  of 
reference  tall  fade  depth  A.  .  .  The  existing  method  has  a  mean  error  of  about  -3  dB,  and 
a  standard  deviation  of  C.7°'dB  when  tested  on  the  new  expanded  tail  data  base.  (The 


corresponding  standard  deviation  of  error  for  the  five  variable  model,  as  distinct  fro* 
the  standard  error  of  regression  o  for  six  degrees'  of  freedom,  is  2.6  dB.)  This  is.  perhaps 
mot  surprising  since  it  is  based  on  only  path  length  and  frequency,  and  does  not  allow  for 
reocliaatic  variation  within  France  and  the  0.x.  it  can  be  seen  fro*  Table  IV,  however, 
that  a  good  two^ variable  fit  to  the  new  tail  data  base  would  giva  a  standard  error  of  ? 
slightly, lees  than  5.5  dB.  Of  course  the  mean  error  should  be  zero. 

S.  Discussion 

With  the  extensive  snelysis  presented  in  this  paper,  soae  interpretation  of  the 
physical  basis  is  now  possible.  The  detailed  background  to  this  interpretation  is 
presented  in  one  companion  paper  £5],  and  the  associated  Meteorological  aspects  era 
discussed  in  another:  {It  1. 

Considering  each  variable  of  the  five  variable  aodei  in  turn,  path  length  d  shows 
itself  to  be  a  significant  one  as  in  earlier  analyses  [1,12],  and  is  the  first  to  enter 
the  regzoseion.  Its  iaportance  would  sees  to  be  due  to  the  feet  that  several  aechanisas 
depend  on  it'  in  autually  enhancing  ways  [5].  As  d  increases,  the  aaount  of  flat  fading  due 
to  defocussing  should  increase,  so  also  should  the  aaount  of  fading  due  to  ataospheric 
multipath  when  it  is  the  ‘flat*  fading  aechaniea.  At  the  same  time,  the  relative  strengths 
of  both  specular  and  diffusa  reflections  froa  the  ground  tend  to  increase- with  increasing 
path  length,  increasing  the  "likelihood  of  deep  selective  fading  resulting  froa  the 
coabination  of  ataospheric  end  ground  ref looted  signals.  Less  iaportant  but  perhaps  still 
significant,  the  fading  of  the  ataospheric  signal  coaponent  and  the  corresponding 
uncorreletsd  enhancement  of  the  ground  reflected  signal  coaponent  due  to  scintillation 
also  tand  to  increase  with  increasing  path  length. 

The  second  variable  to  enter  the  regression  is  path  inclination,  with  a  fairly  high 
negative  coefficient.  The  significance  of  this  variable  la  again  believed  to  be  due  to 
aore  than  one  mechanise,  perhaps  most  importantly,  as  the  path  inclination  increaeea  the 
aaount  of  flat  fading  dua  to  dafocussing  should  tsnd  to  dscreass,  for  a  given  exceedence 
probability.  However,  so  also  should  the  aaount  of  fading  dua  to  ataospheric  multipath 
whan  it  is  the  ‘flat*  fading  mechanism.  Perhaps  less  importantly  on  the  terrain  side,  as 
the  path  inclination  increases  tha  relative  strength  of  the  specular  reflection  will  tend 
to  decrease  because  of  the  decrease  in  the  coabined  antenna  directivity  in  the  direction 
of  the  specular  reflection  point  (which  novas  closer  to  one  end  of  the  path). 

The  third  aost  iaportant  variable,  the  frequency  f,  has  s  positive  coefficient  as  in 
pravious  analyses  for  overland  paths.  A  saall  factor  in  this  aey  be  the  increase  in 
ataospheric  scintillation  with  increasing  fraqusney,  and  tha  fact  that  it  af facts  tha 
ataospheric  end  ground  reflected  signal  components  siaultanously.  The  aejor  factor, 
however,  Is  believed!  to  be  a  ground  raflsctad  signal  that  on  average  over  many  links  tends 
to  increase  with  increasing  frequency,  at  least  for  the  fraqusney  range  considered. 
Somewhat  speculative  reasons  for  this  are  given  in  a  companion  paper  [5]. 

The  fourth  variable  to  enter  the  regression  aquation  is  the  gracing  angle  e,  with  a 
negative  coefficient.  This  is  believed  to  be  e  direct  indication  of  the  iaportance  of 
ground  reflection,  since  the  ssaller  the  grasing  angla,  the  larger  the  effective  specular 
reflection  coefficient,  it  is  noteworthy  that  once  the  gracing  angle  is  used  in  the 
regression,  the  correlation  between  the  residuals  and  path  clearance  (e.g.  h  ,  )r,  ,  end 
h,.)  virtually  disappears.  This  suggests  that  the  significance  of  path  clearance  discovered 
in  previous  analyses  £1,12]  was  due  acre  to  the  relationship  betwaan  grasing  angle  end 
path  clearance  then  to  a  possible  decrease  In  the  occurence  of  abnormal  rafractivs  layers 
with  increasing  haight, 

Although  the  fifth  variable  to  enter  the  regression,  s, ,  ineressss  tha  accuracy  by 
only  a  saall  aaount,  it  still  appaars  to  be  a  significant  one  on  the  basis  of  the  t- 
statistio.  Moreover,  as  sasn  froa  Table  V,  it  is  the  values  of  s.  calculated  for  a  profile 
iatervall  of  100a  that  appear  to  give  the  beat  results,  The  aost  plausible  explanation  is 
that  this  variable  is  somehow  related  to  the  aaount  of  diffuse  reflection  occuring  froa 
the  ground.  Further  investigation  it  required  [SI. 

it  is  interesting  that  the  Introduction  of  geometric  aean  bees width  l  as  a  sixth 
variable  reduces  the  standard  error  before  iteration  to  4  dB,  and  that  the  t-etatistia 
indicates  significance.  The  positive  regression  coefficient  is  consistent  with  the  fact 
that  tha  strengths  of  specular  and  diffuea  reflections  will  tsnd  to  increase  with 
increasing  l.  As  noted  in  section  S,  the  effect  of  the  Iteration  on  this  variable  need* 
further  investigation.  Tha  apparent  Insignificance  of  h  h  as  a  sixth  regression  verisbls 
confixes  the  basio  a« sumption  in  the  analysis  that  the  sets  bass  tor  franca  and  tha  UK  is 
not  significantly  contaminated  by  mubref recti va  events. 

7.  CONCLUSION 

A  lards  number  of  possible  variables  have  been  investigated  to  determine  their 
potential  iaportance  in  an  aeyaptotic  prediction  equation  for  tha  fading  distribution  in 
an  average  worst  month.  Tha  results  suggest  that  a  major  improvement  over  existing  models 
is  possible  by  using  additional  variable*  that  batter  reflect  the  coaplex  mixture  of 
machaniams  involved.  in  paticular ,  it  ia  clear  that  affects  of  ground  reflection  must  be 
recognised  explicitly,  even  for  overland  paths, 

Although  further  analysis  is  warranted  before  a  aore  definitive  modal  la  choaan,  tha 
prediction  equation  Involving  path  length,  frequency,  path  inclination,  angle  of  spacualar 
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reflection,  end  variable  geoclinatic  factor  would  seem  to  represent  a  good  compromise 
between  accuracy  (2.9  ds-  etandard  error)  and  simplicity.  of  courae  the  ultimate  accuracy 
will:  depend  aleo  on  how  well  the  climatic  variation  can  be  estimated.  A  geoclimatic  factor 
variation  of  about  12dB  is  indicated  from  discrete  grouping  of  average  worst  month  fading 
measurements  in  France  and  the  ox.  Seme  associated  meteorological  measurements  [11] 
suggest,  however,  that  the  variation  among  individual  paths  may  be  somewhat  larger. 
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DISCUSSION 


A.Tenne-Sem 

Please  explain  She  meaning  of  the  “geoctimatic  factor”.  Does  it  have  a  physical  interpretation? 

Author's  Reply 

As  explained  in  the  paper  the  geoclimatic  factors  are  obtained  by  forcing  the  mean  prediction  error  to  be  zero  for  each 
of  the  eight  geographical  groups  of  the  data.  This  geographical  variation  may  be  caused  by  different  climatic  conditions 
resulting  in,  for  example,  more  “medium  depression”  in  some  regions  with  respect  to  others.  We  have  assumed  in  the 
analysis  that  the  coefficients  of  the  variables  such  as  d,  f,  etc.  are  not  graphically  dependent  Combined  meteorological 
and  propagation  measurements  should  help  to  give  a  better  understanding  of  the  geoclimatic  factor  (see  Martin  et  al, 
this  symposium). 


AJVJnce 

Is  the  (so-called)  “geoclimatic  factor”  related  to  the  distribution  of  k-factor  and  how? 

Author’s  Reply 

We  do  not  have  k-factor  distributions  for  the  different  geographical  regions.  But,  the  “median  depression”  indicated  by 
the  geoclimatic  factor  is  more  likely  to  happen  for  ducting  situations  and  therefore  it  should  be  related  to  the  k-factor 
distribution. 


BJStpl 

l  believe  that  the  geoclimatic  factor  as  presented  in  this  paper  should  be  considered  as  a  “residue”  after  the  regression 
analysis  has  been  carried  out  for  the  different  variables  and  for  links  within  a  particular  geographic  region.  At  this  stage 
of  analysis  I  do  not  believe  it  can  be  given  a  deeper  physical  interpretation. 

Author’s  Reply 

The  links  are  grouped  in  geographical  regions  in  which  the  climatic  conditions  are  believed  to  be  approximately 
constant.  Having  found  the  dependency  on  geoclimatic  independent  variables  such  as  d,  f,  etc.  for  the  prediction 
equation  it  should  be  reasonable  to  interpret  the  difference  between  the  groups  due  to  climatic  conditions  resulting  in, 
for  example,  a  variable  amount  of  “median  depression". 


LBeUhJas 

1 .  Vous  n'avcz  pas  indlquE  la  garnme  des  valeurs  des  parambtres  dans  vos  formutes  (frequence,  distance,  irrEgularitE 
du  sol  etc.).  Ccs  intervalles  ne  sont  ccrtaincmcnt  pas  indfpendants,  par  example  la  gamine  des  distance  n'est  pas  la 
mEmci  1  GHz  et  b  20  GHz. 

2,  Vous  ne  mcntiowicz  que  de  liaisons  faites  dans  le  memo  climat  Que  doviendraient  vos  formulas  par  example  tux 
Etats  Unls.au  Japon,  en  climat  Equatorial  etc. 

R4pMserf*Autetir 

I  -  La  garnme  des  valeurs  pour  le*  8  variables  utllisEe  dans  les  modblcs  dc  regression  cst:  d:  7.5— 95  km,  b'(ep). 
1.08-24.7  mrad,  f:  1.8—37  GHz,  f:  14-13,4  mrad,  S,  (0.1  km)):  3.04-185  mrad,  lw  7.5-61,4  m.0: 7.1-58 
mrad  et  f(«,):  1.01-15.0  mrad. 

2.  Nous  n’avons  pas  comparE  les  formules  de  provision  prbsenties  avee  d'autres  mesures  pour  le  moment.  Mais  avec 
la  technique  prEsentEe,  on  peut  trouver  une  formulc  pour  toutes  les  regions  du  monde  oh  on  a  donnd  la  mesuro  en 
ulillunt  toutes  ccs  doonEcs  dans  une  rEgression  multiple. 
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It  has  long  been  recognized  that  surface  reflection  on  overwater  microwave  radio  relay  paths  plays  an 
Important  role  In  causing  frequency  selective  multipath  fsdlng.  However,  there  has  been  a  tendency  among 
many  radio  scientists  and  engineers  to  assume  that  similar  but  less  prevalent  fading  on  most  overland 
paths  arose  mainly  from  multiple  paths  through  the  atmosphere.  With  the  Introduction  of  wlde-band  digital 
radio  Into  microwave  relay  networks,  the  origin  of  selective  fading  has  been  Investigated  with  renewed 
Interest  because  of  the  damaging  effects  of  distortion.  There  Is  mounting  experimental  and  theoretical 
evidence  that  ground  reflection  and  scattering  has  an  Important  role  In  producing  much  of  the  selective 
multipath  propagation  effects  on  overland  links.  This  paper  reviews  both  old  and  new  evidence,  providing 
some  new  Insights  Into  the  complex  mixture  of  mechanisms  Involved.  Some  resulting  Implications  for  the 
design  of  digital  radio  links  are  also  discussed. 

1.  INTRODUCTION 

Much  of  the  severe  fading  on  terrestrial  llne-of-slght  microwave  links  has  long  been  recognized  to  be 
due  to  multipath  propagation.  Its  potential  to  cause  thermal  noise  outages  In  analog  radio  systems  was 
discovered  early  and  taken  Into  account  In  system  design.  The  less  significant  effect  of  Intermodulatlon 
noise  resulting  from  the  often  frequency  selective  nature  of  the  most  severe  fading  was  more-or-less 
tolerated,  even  with  Increased  system  bandwldths  (Hubbard,  1984).  Then  with  the  design  and  testing  of  the 
first  wlde-band  digital  radio  systems.  It  was  gradually  recognized  that  the  distortion  resulting  from  the 
frequency  selective  nature  of  the  fading  was  a  more  serious  source  of  outage  than  thermal  noise.  This 
resulted  In  a  simultaneous  effort  by  engineers  to  design  radios  more  Immune  to  this  distortion  and  by 
propagation  researchers  to  determine  more  precisely  Its  source  and  quantify  Its  effect. 

It  has  been  known  for  many  years  that  surface  reflection  on  overwater  microwave  paths  causes  deep 
frequency  selective  fading.  The  potential  adverse  effects  on  relatively  flat  overland  paths  was  also 
recognized  and  experiments  conducted  to  determine  effective  reflection  coefficients  (e.g.,  Matsuo  et  al., 
1953:  Bulllngton,  1954).  However,  It  appears  that  deep  Interference  fading  on  the  longer  rougher  overland 
paths  was  usually  attributed  almost  entirely  to  atmospheric  mechanisms.  In  particular  to  atmospheric 
multipath.  It  Is  now  possible  to  find  many  papers  In  the  scientific  literature  that  treat  most 
Interference  fading  on  overland  links  In  general  as  resulting  from  atmospheric  multipath.  As  late  as 
1982,  even  the  CCIR  (1982)  left  the  Impression  that  the  effects  of  ground  reflection  were  Insignificant 
for  the  majority  of  overland  paths. 

Now  with  the  renewed  Interest  In  the  effects  of  multipath  propagation  on  digital  radio  systems,  there 
Is  mounting  experimental  and  theoretical  evidence  that  ground  reflection  and  scattering  has  an  Important 
role  In  producing  much  of  the  selective  fading  on  overland  paths.  Associated  with  this  Is  the  equally 
Important  evidence  that  atmospheric  effects,  and  particularly  defocussing,  are  responsible  for  reducing 
the  direct  signal  to  a  level  where  the  ground  reflected  signal  can  Interfere  destructively  with  It.  The 

aim  of  this  paper  is  to  review  the  evidence. 

In  reviewing  the  evidence,  the  authors  wish  to  avoid  leaving  the  Impression  that  the  Importance  of 

ground  reflection  on  overland  paths  has  been  almost  totally  Ignored.  There  have  Indeed  been  a  number  of 

works.  Including  those  of  Beckmann  and  Splzzlchlno  (1963)  and  Dougherty  (1968),  In  which  Its  Importance 
has  not  been  overlooked.  Fortunately  there  Is  now  considerably  more  Information  from  which  to  make  a  new 
assessment.  To  more  quickly  advance  future  Investigation,  some  speculation  (possibly  Incorrect)  Is 
Included  In  this  assessment. 

The  various  atmospheric  and  surface  mechanisms  that  have  been  considered  responsible  for  fading  on 
terrestrial  microwave  paths  are  suavnarlzed  In  section  2.  The  experimental  and  theoretical  results  that 
the  authors  consider  to  be  evidence  for  the  Importance  of  terrain  reflection  are  then  considered  In  turn 
In  section  3.  Section  4  presents  some  new  Implications  resulting  from  the  Importance  of  terrain 
reflection,  and  section  5  presents  conclusions. 
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2.  PHYSICAL  ICCHAMSMS  OF  IHTEREST 


A  number  of  clear-air  fading  mechanisms  on  terrestrial  microwave  paths  have  been  proposed  and 
Investigated  over  about  the  last  four  decades.  These  will  be  summarized  first  before  presenting  the 
evidence  for  the  Important  coaUlnatlon  of  atmospheric  fading  and  surface  reflection.  Since  most  of  them 
have  been  suggested  and  reviewed  previously  (Beckmann  and  Splzzlchlno,  1963;  Dougherty.  1968).  the  authors 
will  not  try  to  cite  all  the  originators. 


Perhaps  the  most  useful  classification  for  the  purposes  of  this  paper  Is  the  division  Into 
atmospheric  fading  mechanisms,  and  combined  atmospheric  and  surface  mechanisms.  Other  classifications 
such  as  K- type  fading  (earth  diffraction  fading  due  to  subrefractlve  bending,  or  Interference  fading 
associated  with  ground  reflection)  and  ‘duet  type*  fading  (defocussing  and  atmospheric  multipath  fading) 
(Matsuo  et  al..  1953),  or  "power  fading"  and  multipath  fading  (Dougherty,  1968)  have  been  employed 
previously.  The  early  one  of  these  seems  particularly  unfortunate  since  It  does  not  recognize  the 
combinations  that  subsequent  observations  have  shown  to  exist. 


2.1  Atanspherlc  fading  mechanisms 

Several  atmospheric  fading  mechanisms  have  been  Investigated: 

(a)  Defocussing.  This  mechanism,  which  has  been  variously  termed  "divergence",  "space-wave  fadeout" 

(bean.  1954)  and  “diffraction"  (Dougherty,  1968),  Is  assumed  to  be  caused  by  the  divergence  of  waves 
due  to  the  presence  of  abnormal  refractive  layers  (usually  ducts)  In  proximity  to  the  path.  The 
fades  are  often  of  long  duration  (several  hours),  and  relatively  non-frequency  selective.  The  fading 
is  also  fairly  non-selectlve  In  space,  the  large  zones  where  It  occurs  often  being  termed  "shadow 
regions"  or  “radio  holes".  As  discussed  In  section  3,  defocussing  Is  considered  to  be  the  most 
prevalent  severe  atmospheric  fading  mechanism. 

Although  as  discussed  In  section  3,  regular  horizontal  ducts  either  below  the  path  or  Intermediate 
between  the  antenna  heights  on  an  Inclined  path  can  cause  defocussing,  another  type  of  defocussing 
with  a  finer  spatial  scale  has  also  been  considered.  This  defocussing  could  originate  from  an 
undulating  (wavy)  abnormal  refractive  layer  between  the  terminals  on  an  Inclined  path  (Strickland, 
1980).  It  Is  particularly  Indicated  from  the  measurements  of  severe  fading  on  low  elevation  angle 
earth-space  paths  (Strickland  et  al.,  1977).  Further  investigation  of  this  likely  faster  varying 
type  of  defocussing  Is  required. 

(b)  Atmospheric  multipath.  This  mechanism  In  which  the  transmitted  wave  follows  two  or  more  discrete 
paths  Is  also  usually  assumed  to  be  due  to  a  duct  In  proximity  to  the  path.  The  additional  paths  are 
usually  assumed  to  result  from  gradual  refractive  bending,  but  reflection  from  an  elevated  layer  or  a 
layer  below  the  path  have  been  considered.  More  generally,  other  types  of  abnormal  layers  can  also 
cause  atmospheric  multipath  fading  (Dougherty  and  Dutton.  1981;  Segal,  1985).  This  mechanism  Is  also 
discussed  In  more  detail  In  section  3. 

(c)  Antenna  decoupling.  As  a  result  of  abnormal  refractlvlty  gradients,  the  beam  can  be  bent  off  the 
axes  of  the  antennas,  resulting  In  non-frequency-selective  attenuation.  It  can  be  particularly 
severe  for  links  In  which  the  antennas  are  mlspolnted  or  have  beamwldths  that  are  too  narrow. 

Although  the  levels  of  this  fading  can  be  estimated,  given  the  antenna  beamwldths  ana  Information  on 
the  distribution  of  angle-of-arrlval  (Webster,  1982),  the  uncertainty  In  antenna  pointing  accuracy 
makes  It  a  prevalence  difficult  to  assess.  It  Is  noteworthy,  however,  that  Webster  (1983)  has  shown 
that  large  angles-of-arrlval  are  associated  with  defocussing  layers  below  the  path.  Thus,  there  may 
be  some  antenna  decoupling  loss  In  many  defocusstng  situations.  Again,  further  Investigation  Is 
required. 

(d)  Scintillation.  This  very  fast  frequency  selective  fading  Is  due  to  scattering  from  many  small 
turbulent  Irregularities  In  the  atmosphere.  It  Is  always  present  to  some  degree  superimposed  on  the 
slower  deeper  fades  arising  from  the  other  mechanisms.  Since  Its  magnitude  increases  with  Increasing 
frequency.  It  has  made  the  Identification  of  other  fast  fading  mechanisms  difficult. 

As  noted,  mechanisms  (a)  and  (b)  are  usually  assumed  to  arise  as  a  result  of  ducts  In  proximity  to 
the  path.  A  detailed  review  of  the  meteorological  mechanisms  that  produce  ducts  Is  beyond  the  scope  of 
this  paper.  It  may  be  notad,  however,  that  surface  ducts  are  caused  by  advectlon,  evaporation,  frontal 
processes,  and  radiation,  and  elevated  ducts  by  advectlon,  subsidence,  and  advectlve  Intrusion.  Surface 
and  elevated  subrefractlve  layers  that  are  sometimes  Involved  are  caused  by  some  of  these  and  other 
processes.  More  detailed  Information  Is  given  elsewhere  (Ikeganrf  et  al..  1966;  Dougherty  and  Dutton, 
1981). 

2.2  Cocblned  atmospheric  and  surface  fading  no chan Isms 

Several  combined  atmospheric  and  surface  mechanisms  have  been  considered  and  Investigated  to  varying 
degrees: 

(a)  Defocussing  plus  reflection.  This  would  seem  to  be  the  most  likely  mechanism  producing  the  many 
observed  Instances  of  fast  frequency  selective  fading  superimposed  on  slow  non-selectlve  fading  (see 
section  3).  The  combination  of  the  fine-scale  type  of  defocussing  noted  In  the  previous  sub-section 
and  surface  reflection  could  explain  the  very  severe  fading  on  very  low  angle  earth  space  paths. 

(b)  Atmospheric  aultlpath  plus  surface  reflection.  Here  the  atmospheric  multipath  Is  expected  to 
produce  relative  non-selectlve  ("quasi-flat")  fades  across  the  system  bandwldths  normally  In  use.  As 
discussed  further  In  section  3,  the  authors  contend  that  the  surface  multipath  should  not  be 
significantly  more  selective  than  the  Interfering  atmospheric  aultlpath.  The  resulting  fades, 
however,  can  be  very  deep. 
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<d>  ?lBf  *urf*c®  £fl«ct1om.  Again  this  mechanism  Is  most  likely  when  associated  with 

***t*on  3* •  T®  he  significant  on  Its  own.  the  effective  surface  reflection 
coefficient  would  need  to  approach  unity,  a  not  unlikely  situation  on  overwater  paths. 


(e)  Earth  diffraction  resulting  fro*  subrefraction.  Here  a  subrefractlve  layer  below  the  antennas 
causes  the  direct  wave  to  Intercept  the  earth  ('earth  bulge"),  with  the  resulting  relatively 
non-selectlve  diffractive  attenuation.  The  occurrence  of  significant  diffractive  attenuation  is 
minimal  on  well-designed  paths  with  adequate  surface  clearance. 


In  mechanisms  (a)  to  (d),  the  degree  to  which  the  surface  reflection  Is  'specular"  or  "diffuse"  will 
depend  on  many  factors  (Beckmann  and  Splzzlchino,  1963),  which  are  not  all  yet  well  understood, 
particularly  for  the  relatively  long  microwave  paths  of  Interest  here.  Some  Initial  consideration  to  this 
question  Is  given  In  section  3. 


3.  EXPERINEIITAl  AND  THEORETICAL  EVIDENCE 

There  Is  much  experimental  and  theoretical  evidence  that  surface  reflection  Is  an  Important  factor  In 
causing  selective  fading  on  terrestrial  microwave  links.  It  comes  not  so  much  from  one  or  a  limited 
number  of  Investigations,  even  though  some  of  these  have  been  very,  productive,  as  from  a  synthesis  of  the 
results  of  many.  To  best  make  this  synthesis,  It  seems  useful  to  classify  the  evidence  and  consider  it  In 
some  suitable  order.  Thus,  In  this  section  the  multitude  of  observations  of  fast  selective  fading 
superimposed  on  slow  quasi-flat  fading  are  first  reviewed.  Following  this  the  most  likely  atmospheric 
mechanisms  (defocussing  and  atmospheric  multipath)  that  could  produce  the  slow  quasi-flat  fading  are 
considered.  Then  to  demonstrate  that  reflection  from  terrain  Is  sufficiently  strong  to  Interfere 
destructively  with  these  atmospheric  fading  mechanisms,  measurements  and  calculations  of  effective  ground 
reflection  coefficients  are  discussed.  Finally,  to  Indicate  that  the  fast  highly  selective  Interference 
fading  most  likely  originates  from  the  ground  reflected  component,  the  relative  delays  of  atmospheric 
and  surface  reflected  rays  are  compared.  Following  these  min  sub-sections,  two  other  groups  of 
supporting  evidence  arc  discussed  (results  of  correlation  and  multiple  regression  calculations  on  large 
data  bases,  and  multipath  depolarization  observations)  along  with  miscellaneous  supporting  evidence. 

Since  It  Is  believed  that  experimental  results  from  overwater  paths  help  clarify  those  from  overland 
paths,  these  are  considered  along  with  the  latter.  The  main  differences  between  over water  and  overland 
paths  are  believed  to  be  the  more  frequent  and  severe  defocussing  on  overwater  paths,  the  more  stable  and 
higher  level  specular  reflection,  and  lesser  amount  of  diffuse  reflection.  While  combined  slow  and  fast 
fading  events  are  more  frequent  on  overwater  paths  they  are  not  greatly  different  In  overall  character 
than  those  on  overland  paths. 

3.1  Observations  of  selective  fading  supertax) sed  on  quasi-flat  fading 

Among  the  most  Important  evidence  that  ground  reflection  and  scattering  Interacts  with  atmospheric 
fading  nechanlsns  are  the  many  observations  of  rapid  deep  fading  superimposed  on  shallower  much  slower 
fading.  The  slow  fading,  often  referred  to  as  "median  depression"  or  "mean  depression",  has  usually  been 
assumed  to  result  from  atmospheric  defocussing.  The  rapid  fading  has  usually  been  assumed  to  be 
Interference  fading  of  atmospheric  origin,  either  scintillation  or  multipath.  Among  these  many 
experiments  have  been  a  few  using  sophisticated  channel  probing  techniques  In  which  the  slow  fading 
component  was  recognized  as  relatively  non  frequency  selective  (quasi-flat)  and  the  rapid  fading  as 
selective. 

Crawford  and  Jakes  (J952)  in  their  pioneering  swept-frequency  experiment  were  perhaps  the  first  to 
measure  a  rapid  frequency  selective  component  superimposed  on  a  slow  non-selectlve  component  (see  also 
Frill  (1948)).  They  noted  In  fact  that  reflection  from  the  small  water  portion  of  their  path  was  a  source 
of  fading  In  abnormal  circumstances,  and  that  It  would  be  desirable  to  avoid  paths  with  significant  ground 
reflections.  However,  they  seem  to  have  concluded  from  their  associated  angle-of -arrival  measurements 
that  atmospheric  multipath  was  the  most  freouent  cause  of  severe  fading.  Unfortunately  as  they  Indicated, 
the  minimum  angle-of-errlval  In  their  scan  (-0.8* )  was  not  sufficiently  low  that  they  could  be  always 
certain  that  the  surface  reflected  ray  was  In  range. 

Using  frequency-sweep  equipment  similar  to  that  of  Crawford  and  Jakes,  Kaylor  (1953)  produced  the 
first  statistics  of  amplitude  selectivity  as  a  function  of  fade  depth  (Fig.  t).  He  noted  that  no  deep 
Interference  fading  occurred  on  his  49  km  overlano  path  unless  the  signal  was  already  depressed  10  dB  or 
so  across  the  entire  400  Wz  band  observed.  He  concluded  that  this  depression  was  most  likely  due  to 
Interfering  atmospheric  rays  of  slight  relative  delay,  but  noted  that  It  could  also  be  due  to 
non-selectlve  attenuation  of  the  direct  signal,  It  Is  Interesting  that  Kaylor  demonstrated  that  snail 
amplitude  components  (e.g.,  levels  of  -32  dB  and  -34  dB  relative  to  direct  signal  level)  could  have  a 
marked  effect  on  notch  shapes,  while  simultaneously  Implying  that  a  such  larger  estimated  ground 
reflection  level  for  his  path  (<-20  dB)  could  be  Ignored.  Crawford  and  Jakes  (1952)  also  arrived  at  the 
tame  seemingly  contradictory  conclusion  In  their  earlier  work. 

In  their  early  paper  on  multipath  distortion,  Oworl  and  Sato  (1958)  Implicitly  recognized  from  their 
swept-frequency  measurements  the  superposition  of  selective  and  non-selectlve  components,  and  described  a 
novel  technique  for  measuring  the  non-selectlve  component.  In  attempting  to  explain  the  three-frequency 
measurements  of  Ugal  (1951)  In  which  the  superposition  of  selective  and  non-selectlve  fading  was 
recognized,  Ikegaml  (1967)  suggested  the  possibility  of  ground  reflected  waves  among  others. 

Unfortunately,  as  noted  previously  by  Segal  (1985),  the  possibility  of  a  significant  ground  reflection 
component  In  Ms  own  pioneering  measurements  (Ikegaml,  1959,  1967;  Ikegaml  et  al.,  1966)  wss  not 
considered. 
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*<*•  rerent  wept-  or  ml  tl -frequency  measurements  (e.g.,  Babler,  1972;  Runnier,  1979;  Sandbero, 

1980;  Webster  and  Ueno,  1980;  Stephansen,  1981;  Llnlger,  1982,  1983;  Martin,  1982a,  1984;  Sakagaml  and 
llosoya,  1982;  Bundrock  and  Murphy.  1984;  Hubbard.  1984;  Valentin  and  Metzger.  1984;  Lan  and  Webster,  1985; 
lamr.ers  and  Harr,  1985)  have  shed  further  light  on  the  underlying  fading  mechanism  and  provided  more 
quantitative  Information  on  the  selective  and  non-selectlve  signal  components.  Although  he  did  not 
consider  In  detail  the  possible  physical  mechanisms  Involved  In  his  measurements,  Rummler  (1979)  devised  a 
practical  channel  modal  that  Incorporated  quasi-flat  and  selective  fading  parameters  describing  his  data. 
Using  fairly  narrow-band  measurements  (60  MHz),  Sakagaml  and  Hosoya  (1982)  were  nonetheless  very 
successful  In  proving  that  their  results  were  due  to  the  combination  of  a  quasi-flat  atmospheric  signal 
and  a  surf are  reflected  signal.  They  were  further  able  to  Identify  both  specular  and  diffuse  components 
In  the  reflected  signal. 


I 


On  the  basis  of  wlde-band  (400  MHz)  swept-frequency  amplitude  and  group-delay  measurements,  one  of 
the  authors  (Martin,  1982a)  concluded  for  his  particular  50  km,  11.5  GHz  path  that  deep  selective  fading 
always  occurred  superimposed  on  a  quasi-flat  component.  This  Is  illustrated  statistically  In  Fig.  2, 
which  displays  three  levels  of  the  conditional  distribution  of  neak-to-peak  amplitude  variation  within  the 
band  (OA,  In  d8)  as  functions  of  the  peak  fade  depth  (Ax,  in  dB).  These  measurements  are  discussed 
further  In  sub-sections  3.2,  3.3,  and  3.4. 


Bundrock  and  Murphy  (1984)  described  the  Initial  results  of  wlde-band  (1000  MHz)  swept-frequency 
amplitude  and  group  delay  measurements  on  an  overland  path  specifically  chosen  to  facilitate  observation 
of  the  effect  of  ground  reflection.  They  showed  the  Increase  In  selectivity  with  Increasing  fade  depth  In 
terms  of  the  amplitude  slope  statistics  within  the  band,  a  particularly  useful  approach  for  application  to 
digital  radio  systems.  More  Importantly  for  this  review,  they  attributed  their  results  to  the  combination 
of  atmospheric  dofocusslng  of  the  direct  signal  and  ground  reflection.  They  noted,  furthermore,  an 
apparent  Increase  In  the  effective  ground  reflection  coefficient  simultaneously  with  the  defocussing  of 
the  direct  signal  (see  sub-section  3.3). 

Many  Investigators  of  overwater  paths  have  had  little  difficulty  In  ascribing  the  superposition  of 
slow,  shallow  and  fast,  deep  fading  to  the  Interaction  of  an  atmospheric  mechanism  and  surface 
reflection.  The  conclusion  that  these  are  non-selectlve  and  selective,  and  derive  respectively  from  the 
atmosphere  (defocussing)  and  the  sea  surface  (specular  reflection),  was  particularly  clear  In  the 
wlde-band  (1000  MHz)  amplitude  and  angle-of-arrlval  measurements  of  Lam  and  Webster  (1985). 

Interpretation  of  the  mechanisms  Involved  was  made  difficult,  however,  by  the  obstacles  partially  blocking 
the  surface  reflected  ray  on  the  two  paths  Investigated.  The  distributions  of  direct  and  reflected  signal 
amplitudes  and  relative  delay  for  one  of  the  paths,  presented  in  Fig.  3,  are  discussed  further  In 
sub-sections  3.2  and  3.4. 


While  some  Investigators  using  sophisticated  channel  probing  techniques  have  continued  to  clarify  the 
propagation  mechanisms  responsible  for  combined  non-selectlve  and  selective  fading,  others  have  been 
constructing  models  that  Include  the  two  effects.  Pearson  (1965)  noted  the  frequent  occurrence  of  median 
depression  associated  with  irultlpath  fading  and  partially  accounted  for  It  In  his  model  for  the  single 
frequency  fading  distribution.  Barnett  (1972)  described  the  same  phenomenon  and  tried  to  account  for  It 
In  his  model  by  employing  a  climate-dependent  multipath  probability  occurrence  factor.  The  degree  to 
which  the  earlier  model  of  Morlta  (1970)  (see  also  Morlta  and  Kaklta,  1958)  Includes  the  effect  of  median 
depression  Is  unclear,  since  Morlta  later  Introduced  a  modification  (Morlta,  1972)  designed  to  take  this 
Into  account.  (In  the  same  paper  Morlta  Illustrated  the  potential  Importance  of  Including  the  effect  of 
ground  reflection  and  presented  a  method  designed  to  do  It.)  More  recently,  the  combined  effect  of 
selective  fading  superimposed  on  non-selectlve  fading  has  been  taken  Into  account  In  channel  distortion 
models  (e.g..  Rummler,  1978;  Martin,  1982a, b;  Sakagaml  and  Hosoya,  1982;  Sylvaln  and  Lavergnat,  1985; 
Lavargnat  and  Sylvaln,  1985a). 

It  Is  noteworthy  that  Beckmann  and  Splzzlchino  (1963)  In  their  earlier  review  (Chapter  16)  recognized 
the  possibility  of  very  severe  fading  (40  -  45  dB)  when  both  slow  and  fast  fading  are  present 
simultaneously,  although  they  were  uncertain  as  to  the  cause  of  the  fast  fading.  They  cite,  for  example, 
diffuse  scattering  from  the  earth  or  atmosphere.  However,  they  noted  the  very  Important  result  common  to 
this  now  large  body  of  observations;  "the  lower  the  mean  (non-selectlve)  level,  the  greater  the  amplitude 
of  the  rapid  (frequency  selective)  fluctuations*. 

3.2  Atmospheric  ■iltlpath  and  defocussing;  mechanisms  and  fade  depths 


Although  mechanisms  causing  quasi-flat  fading  have  been  Introduced  In  section  2,  and  further 
background  Information  given  in  tub-section  3.1,  the  main  mechanisms  of  defocussing  and  atmospheric 
multipath  require  further  consideration.  Concerning  the  mechanisms  themselves,  the  major  points  of 
Interest  are  the  atmospheric  structure  under  which  they  occur,  their  relative  frequency  of  occurrence,  and 
the  possibility  of  simultaneous  occurrence.  Of  course  the  fading  levels  attained  are  also  Important 
because  this  will  partially  determine  the  possibility  of  destructive  Interference  with  the  ground 
reflected  and  scattered  waves. 


MechanliM.  The  possible  physical  bases  of  defocussing  and  atmospheric  multipath  have * 
vuhiect  of  Investigation  for  over  four  decades.  Although  an  extensive  review  Is  beyond  the  scope  of  this 
Important  early°work*of  several  Investigators  (Sharpies.,  1946;  Price,  1948;  Doherty.  1952; 
Crawford  and\kes.  1952;  Rivet,  1956;  Ikegaml.  1959;  Dutton,  1961  should  be  noted.  For  this  paper,  the 
work  of  Ikegaml  (1959,  1966,  1967)  and  more  recently  Webster  (1983)  Is  particularly  germane. 

A  useful  Illustration  of  the  remarkable  work  of  Ikegaml  Is  presented  In  Figs.  5(a)  and  5(b).  These 
show  the  relationship  between  fading  on  two  adjacent  55  km.  4  GHz  paths  (one  horizontal  and  one  Inclined) 
thn  hainhti  of  slnole  and  multiple  ducts.  Fig.  5(a)  gives  5-mlnute  mean  received  power,  and 
Fig.  5(b),  the  5-mlnute  fading  range  (difference  between  the  10*  and  90*  levels  of  the  distribution)  as 
functions  of  height. 


i 
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as*  Sr2  ?i2  !*??£?- psc*^  r  KrLr,r^r  srsews-^r 

^VcuHris~  S,oS!  *’ r®-  s  s^Kyrws^^  w* 

Unfop?Sn»t»ii  **?  3ro“p‘  °I  r®y*  w1th,n  *  »"*11  "interference  region*  (see  Figs.  6  end  7). 

simultaneously  TT  “I*?  “hy  the  B«*n,<1*pr***,on  >nd  the  fester  fedlng  occurred 

ExSi.imm  Jk?:  ?"  !f?.te ,?!  the  fact  that  his  shadow  zones  and  Interference  zones  were  not  coincident. 
Explaining  this  supe  position  of  slow  and  fast  fading  In  other  data  (Ugal,  1961).  he  noted  the  possibility 
of  a  ground  reflected  signal,  as  well  as  the  seemingly  Impossible  superposition  of  zones  (Ikegaml.  1067 h 

hnr(,o!l?:i8»Jli!P/!nJ  so°e  of  the  clarifying  ray-tracing  results  of  Mebster  (1983).  Shown  for  a  50  km 
horizontal  path  (100  m  antenna  heights)  are  the  ray  amplitudes,  relative  delays,  and  angles-of-arrlval  as 

bUl^rL^hJ8*  h!  SKt  0f  *  10°.I  tMSk  duct  of  ~X  Intensity.  As  evident,  when  the  duct  center  Is 
*.hol9ht,  lost  shove  the  path,  only  a  defocussed  direct  ray  exists.  The  greatest  defocussing  occurs 
at  about,  or  Just  above,  the  path  height.  (Since  the  angle-of-arrlval  Is  also  greatest  at  this  height 
k  ®B0U"t  °f  Shtenna  decoupling  would  occur  slnultaneously,  the  amount  depending  on  the  antenna 

beamwldths  and  pointing  accuracy.)  Over  a  range  of  greater  heights,  three-ray  atmospheric  multipath 
occurs.  (The  relative  delays  associated  with  the  additional  paths  are  discussed  In  sub-section  3.4.)  For 
the  particular  Interference  region*  he  Investigated,  Webster  demonstrated  that  the  lower  antenna  height 
’’ critical  for  Inclined  paths  (l.e.,  defocussing  of  the  single  direct  ray  occurs  below  this  height).  He 
did  not  consider  the  affect  of  ground  reflection  although  he  noted  the  possibility. 


A  comparison  of  these  results  confirms  Ikegaml's  conclusion  that  the  large  mean  depression  for  a 
layer  below  the  lower  terminal  height  was  due  to  defocussing.  It  also  suggests  that  the  less  prevalent 
and  less  severe  fading  for  higher  duct  heights  was  due  to  atmospheric  multipath.  It  Is  Interesting  to 
note  that  In  an  earlier  study  similar  to  the  later  one  of  Ikegaml,  Matsuo  et  al.  (1953)  Indicated  that 
fading  for  ducts  above  the  path  was  of  the  rapid  Interference  type.  Nevertheless,  neither  Webster's  nor 
Ikegaml's  theoretical  results  seem  to  adequately  explain  the  apparent  simultaneous  mean  depression  and 
faster  fading  In  Ikegaml's  data.  The  best  explanation  would  seem  to  be  the  presence  of  a  significant 
ground  reflected  component.  The  likelihood  of  focussing-enhanced  ground  reflection  Is  discussed  In 
sub-section  3.3.  • 


On  the  basis  primarily  of  these  and  other  results  It  Is  possible  to  speculate  on  the  relative 
frequency  of  occurrence  of  defocussing  and  atmospheric  multipath.  From  Fig.  8  It  Is  apparent  that 
significant  defocussing  should  exist  over  a  much  greater  duct  height  range  than  destructive  atmospheric 
multipath.  Even  though  atmospheric  multipath  occurs  over  a  sizable  duct  height  range,  the  main  two  rays 
would  not  be  In  phase  opposition  except  for  a  small  number  of  discrete  heights  (e.g.,  nine  at  4  GHz).  A 
similar  conclusion  seems  possible  from  Ikegaml's  theoretical  results  that  show  his  'Interference*  regions 
to  be  much  smaller  and  at  greater  distances  than  shadow  (defocussing)  regions  (see  also  Dutton.  1961). 
Furthermore,  as  Implied  by  Ikegaml  (1959,  1967),  It  Is  only  for  a  small  portion  of  these  Interference 
regions  (next  to  the  shadow  region  boundary)  that  significant  atmospheric  multipath  fading  would  be 
possible.  (The  possibility  of  signal  enhancements  caused  by  the  presence  of  one  of  these  Interference 
regions  at  the  receiving  antenna  seems  more  likely.) 

The  presence  of  Ikegaml's  small  Interference  regions  for  duct  heights  below  the  path  Implies  that 
Webster  missed  this  possibility  In  his  ray-tracing  Investigation.  Ikegaml  (1967)  also  noted  the 
possibility  of  Interference  regions  arising  from  a  subrefractlve  layer,  and  Segal  (1985)  confirmed  this. 
Segal  further  noted  the  possibility  of  atmospheric  multipath  occurring  as  a  result  of  a  superrefractlve 
layer.  Nevertheless,  It  Is  Important  to  emphasize  that  these  theoretical  results  Indicate  that  the 
regions  of  the  atmosphere  where  multipath  Is  possible  are  much  less  likely  to  be  present  at  the  receiving 
antenna  than  the  defocusslng-lnduelng  shadow  zones.  The  available  observations  seem  to  confirm  this. 
Further  analysis  for  multi-layer  situations  would  be  desirable. 

Atmospheric  multipath  fading  levels.  Since  the  presence  of  atmospheric  multipath  Implies  the 
possibility  of  destructive  Interference  at  microwave  frequencies,  a  wide  range  of  fade  levels  are 
obviously  possible  given  rays  of  approximately  equal  amplitude.  This  appears  to  be  confirmed  from  the 
snail  number  of  observations  available  that  Indicate  the  presence  of  multipath  without  median  depression. 
However,  It  Is  recognized  that  likely  simultaneous  occurrence  of  atmospheric  and  surface  multipath  Itself 
make  atmospheric  multipath  levels  difficult  to  determine  from  simple  measurements.  A  close  scrutiny  of 
swept-frequency  amplitude  measurements  for  the  presence  of  rapidly  changing  quasi-flat  fades  should  make 
this  possible.  In  any  case.  It  Is  not  difficult  to  Imagine  the  possibility  of  atmospheric  multipath  fades 
sufficiently  deep  to  cause  further  destructive  Interference  with  the  significant  surface  reflected  wave 
•apparently  present  on  many  paths  (see  sub-section  3.3). 


Defocussing  fade  levels.  Because  of  the  slowly  varying  nature  of  defocussing  attenuation  and 
probably  because  of  the  greater  size  of  shadow  regions,  measurements  of  fade  depth  are  more  readily 
available.  These  are  available  In  three  main  forms:  (1)  direct  measurements  of  slow  fading,  (11)  median 
depression  estimates  from  data  with  superimposed  slow  and  fast  fading,  and  (111)  median  depression 
estimates  from  swept-frequency  measurements. 

A  number  of  direct  measurements  of  defocussing  levels  have  been  made  (e.g..  Bean,  1954;  Barsls  and 
Johnson,  1962;  Barsls  et  al.,  1963;  Hautefeullle  et  al.,  1980).  In  the  best  of  these,  the  use  of  multiple 
frequencies  aided  the  Interpretation  that  these  slow  fades  were  relatively  non-selectlve.  Estimates  of 
defocussing  levels  are  also  available  from  combined  slow  and  fast  fading  data  obtained  over  many  paths 
(e.g.,  Fearson,  1965;  Barnett,  1972;  Mori ta,  1972).  These  alT  Indicate  that  typical  paths  In  temperate 
climates  can  suffer  fades  of  20  dB  for  a  significant  fraction  of  time.  Pearson  (1965)  noted  furthermore 
thst  fades  of  greater  than  30  dB  had  been  observed  on  paths  In  coastal  areas  for  periods  of  a  few  hours. 
Perhaps  the  most  severe  well -documented  observations  of  extreme  defocussing  levels  In  tropics!  regions  are 
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those  of  Hautefeullle  et  *1.  (1980)  In  Senegal.  where  50  48  fades  lasting  several  hours  were  not 

^.»ni^r4liU?USU4'’^  Th®  f!et  that  th*  9rouml-reflected  signal  was  not  observed  under  these  conditions 
suggests  that  a  siiadow  region  extended  over  a  large  portion  of  the  path  surface  ss  well. 

One  of  the  authors  (Martin.  1982a)  has  estimated  median  depression  statistics  for  Ms  50  km.  11.5  bit 
path  from  swept-frequency  amplitude  and  group  delay  measurements.  These  are  illustrated  In  Fig.  4  In 
conditional  form  versus  the  relative  delay  between  the  two  dominant  rays  (see  sub-section  3.4  for  further 
discussion).  As  evident  for  this  somewhat  Inclined  path,  median  depressions  were  of  the  order  cf  20  dB 
during  disturbed  conditions  (l.e.,  fading  greater  than  12  dB).  The  swept-frequency  measurements  of  Lam 
and  Webster  (J985)  (Fig.  3a)  Indicate  defocusslng  fades  approaching  30  dB  during  disturbed  conditions  on 
their  80  km  coastal  path.  (It  Is  recognized  that  these  statistics  amy  Include  some  Incidence  of 
atmospheric  multipath.) 

3.3  Measurements  and  calculations  of  effective  ground  reflection  coefficients 

Another  source  ef  evidence  for  the  Importance  of  ground  reflection  on  overland  paths  Is  the 
literature  on  specular  and  diffuse  reflection  from  terrain.  Unfortunately,  little  progress  appears  to 
have  been  made  In  the  treatment  of  microwave  reflection  and  scattering  from  Irregular  terrain  since  the 
major  work  by  Beckmann  and  Splzzlchlno  (1963).  Although  some  useful  Information  can  be  gained  from 
calculations  of  specular  and  diffuse  reflection  parameters  at  these  frequencies,  measurements  on  the  type 
of  paths  Involved  would  still  appear  to  provide  the  most  reliable  evidence. 

Calculation  of  specular  reflection  parameters.  In  principle,  the  effective  specular  reflection 
coefficient  Rs  over  a  terrestrial  microwave  path  can  be  estimated  from  the  well-known  relation  (Beckmann 
and  Splzzlchlno.  1963;  Hall,  1979;  Bolthlas,  1983) 

R.  ‘  VR  D  Vs  *  (1) 

where  gy  and  gq  are  the  directivity  reduction  factors  of  the  transmitting  and  receiving  antennas  In 
the  direction  of  the  specular  reflection  point,  D  Is  the  divergence  factor  for  the  earth's  surface,  R0 
Is  the  Fresnel  reflection  coefficient,  and  the  scattering  coefficient  ps  Is  a  reduction  factor  designed 
to  take  Into  account  the  terrain  roughness.  Strictly,  the  factors  In  eq.  (1)  should  also  be  nultlplled  by 
another  factor  that  accounts  for  the  amount  of  surface  area  reflecting  specularly  (Hall,  1979;  Bolthlas. 
1983).  For  example,  If  the  specularly  reflecting  surface  were  exactly  coincident  with  the  first  Fresnel 
zone.  R«  would  becoeie  s  factor  of  two  larger.  Unfortunately,  accurate  estimation  of  this  factor  Is 
difficult  In  practical  situations  Involving  real  terrain. 

In  order  to  clarify  the  results  of  correlation  and  multiple  regression  analyses  of  a  large  47-liiik 
fading  data  base  discussed  In  a  companion  paper  (Tjelta  et  a).,  1986),  some  Investigation  was  made  of  the 
dependence  of  R.  on  the  various  variables  Involved.  From  the  large  amount  of  Information  available  on 
the  Fresnel  reflection  coefficient  (CC1R,  1986a),  It  Is  clear  that  Rq-1  in  the  frequency  range  of 
Interest,  except  In  the  rare  cases  of  vertical  polarization  at  grazing  angles  greater  than  about  1*.  Over 
the  test  group  of  47  links,  (201og(0)|  Is  typically  less  than  3  dB  under  the  assumption  of  a  spherical 
reflecting  surface  having  a  4/3-earth  radius  of  curvature. 

The  directivity  reduction  factors  gy  and  gq  In  the  direction  of  the  specular  reflection  point 
were  calculated  using  the  Gaussian  beam  approximation 

gT  R  *  exp(-cT  p  e2)  (2) 

with  the  constants  ct  p  obtained  from  the  known  half-power  beamwidths.  The  overall  reduction  factor 
gTg.y  >s  *  comollcated’functlon  of  several  variables  Including  antenna  beamwldth,  path  inclination, 
path  clearance,  snd  path  length.  Of  the  <7  links,  only  three  relatively  steep  ones  have  reductions 
|201og(gygp)|  greater  than  10  dB;  half  have  reductions  less  than  0.9  dB.  Thus,  In  most  cases  the 
specularly  reflecting  surface  Is  well  Illuminated  by  the  antenna  beams. 

Normally  the  most  Important  overall  variable  In  eq.  (I)  Is  the  terrain  roughness  factor  p,.  It  has 
commonly  been  estimated  using  the  Gaussian  random  surface  approximation  (Beckmann  and  Splzzlchlno.  1963) 

p.  ■  exp(-gz/2) 


with  sn  the  standard  deviation  of  surface  height  about  the  local  mean  value  within  the  first  Fresnel 
zone.  ♦  the  grazing  angle,  f  the  frequency,  and  c  the  speed  of  light.  A  more  recent  derivation  of  ps 
for  sea  surfaces  (Miller  et  al.,  1984)  suggests  that  a  better  estimate  providing  agreement  with 
experimental  data  can  he  obtained  from 

p,  •  exp(— g a/2)  I  (g2/2)  , 


where  Iq  1*  the  nodf fled  Bessel  function  of  zero  order.  It  Is  likely  that  (5)  Is  also  more  accurate 
than  (3)  for  terrain. 

As  seen  from  (4)  and  (5),  p,  and  thus  R,  would  appetr  to  be  strongly  dependent  on  the  grazing 
angle  ♦,  the  surface  roughness  sh  within  the  first  Fresnel  zone,  and  the  frequency  f.  However,  there  Is 
a  complex,  somewhat  path  dependent  relationship  between  Sj,  and  f.  Since  tends  to  decrease  on 


2-7 


average  as  the  size  of  the  first  Fresnel  lone  decreases,  and  this  size  decreases  with  Increasing 
f-equency,  the  actual  average  dependence  of  ps  on  frequency  should  be  different  than  at  first  glance. 


i-a,...?1  UHFt  Ft  can  be  estimated. with  some  accuracy. _  Here  the  roughness  sh  Is  dependent  mainly  on 

* e  *h^F  !*ere  th®  s1”  of  th*  f,rn  FF**nel  *one  is  much  smaller, 

sh  decreases  to  the  point  where  It  Is  difficult  to  estimate  accurately  from  a  single  path  terrain 
F1'0”1*-  For  axarnple  out  of  the  47  test  links,  the  ratio  of  the  first  Fresnel  lone  length  te  the  terreln 
profile  correlation  distance  Is  less  than  three  for  27  of  them.  Under  such  conditions.  It  Is  apparent 
that  trees  and  other  small  terrain  features  would  become  relatively  more  Important  than  at  lower 
frequencies. 


Another  difficulty  In  accurately  estimating  ps  at  SHF  Is  that,  with  the  reduced  first  Fresnel  zone 
size,  the  specular  reflection  point  and  hence  the  grazing  angle  can  no  longer  be  as  accurately  determined 
from  the  antenna  heights  above  the  average  terrain  height.  Furthermore,  there  may  be  more  than  one 
specular  reflection  zone  on  the  path  profile.  Despite  these  various  difficulties,  effective  specular 
reflection  levels  201ogRs  have  been  estimated  for  a  sample  of  the  smoothest  paths  among  the  test  group, 
employing  the  roughness  parameter  ss  (TJelta  et  al.,  1986)  calculated  for  the  entire  path  (normally  an 
upper  bound  for  the  roughness  within  the  first  Frosnel  zone).  The  highest  of  these  are  In  the  range  -10 
dB  to  -20  dB  and  correlate  well  with  the  group  experiencing  the  worst  fading.  More  tangible  statistical 
evidence  that  specular  ground  reflection  Is  Important  within  the  overall  group  of  47  links  Is  presented  In 
a  companion  paper  (TJelta  et  al.,  1986).  Calculations  are  continuing  with  more  accurate  estimates  for  the 
surface  roughness  within  the  first  Fresnel  zone. 

Calculation  of  diffuse  scattering  parameters.  Beckmann  and  Splzzlchlno  1-1963)  considered  two  cases 
relevant  to  terrestrial  microwave  links:  (1)  "glistening  surface"  (l.e,,  surface  causing  diffuse 
reflection)  defined  by  the  ground  Irregulirltles,  and  (11)  glistening  surface  defined  by  the  antenna 
beams.  To  verify  that  the  latter  case  Is  the  most  common  with  the  narrow  antenna  beams  employed  at  SHF, 
the  parameters  K8  and  Ka  corresponding  to  each  of  these  two  cases  were  calculated  for  the  test  sample 
of  47  links.  These  parameters  are  defined 

K  .hi*  K  - 
S  d  tans,  *  ‘  d  [Jf  ^ 

where  hj  and  ho  are  the  heights  of  the  antennas  above  the  average  terrain  height,  or  and  oR  are 

the  antenna  half-beamwldths  (l.e.,  half  the  half-power  beamwldths),  and  d  the  path  length.  The  factor 

lanB0  represents  a  mean-square  value  of  the  terrain  slope  Irregularities  given  by 

tanB0  -  2o/dc  (8) 

where  a  Is  the  standard  deviation  and  dc  the  correlation  distance  of  terrain  heights.  For  the 
calculations  it  was  deemed  best  to  calculate  a  and  df  with  respect  to  the  mean  terrain  profiles  as 
determined  by  least  squares  fits  to  the  terrain  heights  (l.e.,  a  *  Sj,  as  employed  by  TJelta  et  al., 
1986). 

From  the  calculations,  the  Inequality  (Beckmann  and  Splzzlchlno,  1963) 

K0<Kb/2^  (9, 


held  for  only  six  links.  This  Is  Indeed  an  Indication  that  the  glistening  surface  Is  normally  defined  by 
the  antenna  beams.  Since  even  for  these  six,  K.  >  1  for  two  and  Kg  >0.5  for  the  remainder,  the 
glistening  surface  Is  close  to  the  specular  reflection  point  as  In  case  (11).  For  case  (1),  Beckmann  and 
Splzzlchlno  calculated  that  diffuse  reflection  coefficients  can  range  between  0.25  and  1,  although  they 
noted  that  measurements  ranged  between  0.2  and  0.5. 

Of  the  41  links  for  which  the  glistening  surface  Is  limited  by  the  antenna  beams  (case  (ID). 

0.1  <  Ka  <  0.5  for  26  and  Ka  >  0.5  for  the  remainder  of  which  most  are  Inclined  paths.  A  few 
estimates  for  the  most  Important  first  group  of  26  suggest  that  significant  diffuse  reflection  must  be 
considered  as  a  distinct  possibility.  Unfortunately,  the  theory  for  case  (11)  does  not  yet  appear  to  have 
been  validated  by  measurements.  Early  correlation  calculations  on  the  47-11 nk  test  sample  using  the 
various  diffuse  reflection  parameters  are  presented  In  the  companion  paper  (TJelta  et  al.,  1986)  (see  also 
sub-section  3.5). 

Measurements  of  effective  specular  and  diffuse  reflection  coefficients.  Because  of  the  uncertainty 
In  the  accuracy  of  calculations  of  the  effective  reflection  coefficients  for  Irregular  terrain  at 
microwave  frequencies,  measurements  for  typical  paths  may  still  provide  the  best  evidence  for  the 
Importance  of  terrain  reflection  and  scattering.  Even  though  test  measurements  have  been  carried  out 
under  controlled  conditions  Involving  short  paths,  a  few  exist  for  longer  paths. 

The  4  GHz  measurements  of  Bulllngton  (1954)  on  many  paths  over  cultivated  terrain  were  classified  by 
Beckmann  and  Splzzlchlno  (1963!  as  describing  diffuse  reflection  under  conditions  when  the  glistening 
surface  Is  not  defined  by  the  antenna  beans,  at  were  the  1  GHz  measurements  of  KcGavIn  and  Maloney  (1959) 
over  desert  terrain.  Mott  of  the  reflection  coefficients  measured  ranged  between  about  0.2  and  0.5. 

Barton  (1974)  has  questioned  the  validity  of  this  conclusion,  and  the  authors’  own  calculations  for  16 
paths  at  2  and  4  GHz  Indicate  that  only  two  of  them  can  be  considered  to  have  sufficiently  non-dlrectlonal 
antennas  that  the  glistening  surface  Is  defined  by  the  terrain  Itself.  Barton  (1974)  also  appears  to 
question  the  conclusion  that  Bulllngton’s  measurements  did  not  contain  significant  specular  reflection 
contributions. 
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Since  the  measurements  of  Sul  ling  ton  (1964)  and  McGavin  and  Maloney  (1959)  were  for  paths  that  were 
expected  to  pose  some  reflection  problems,  It  Is  helpful  to  observe  the  results  for  the  rougher  ($3  * 

33  m)  relatively  steep  (0,3*)  path  between  Roc  Yredudsn  aiw  Unnlon  In  France.  Fig.  9  displays  the 
reflection  coefficient  estimates  of  Martin  (1982a;  based  on  aonlituae  and  group  delay  measurements  In  a 
400  hit  bandwidth  (see  also  sub-sections  3.1  3.2,  and  3.4).  Here,  R«  *  SR  (expressed  In  dB), 
corresponding  to  R«  *  ab  In  the  well-known  node!  of  Runnier  (1979),  These  frequency-sweep  measurements 
are  equivalent  to  the  earlier  spatial  measurements  along  a  vertical  or  horizontal  line,  although  the 
specular  and  diffuse  contributions  cannot  be  separated.  Unlike  the  earlier  measurements,  they  yere  all 
obtained  during  disturbed  conditions.  Nevertheless,  they  provide  two  important  pieces  of  Information  that 
the  previous  measurements  do  not.  They  show  that  the  effective  reflection  coefficient  Is  highly  variable, 
wltn  peak  magnitudes  more  than  10  dB  higher  than  the  median  value  of  about  -25  dB,  and  that  it  decreases 
slightly  with  increasing  delay  of  the  reflected  wave.  The  large  venation  In  the  effective  reflection 
coefficient  was  apparently  also  observed  by  Bundrock  and  Murphy  (1984),  and  thirty  years  earlier  by  Matsuo 
et  al.  (1953).  Although  some  of  the  large  variation  may  be  due  to  the  two-ray  assumption  Involved  (the 
spatial  measurements  also  contain  this  assumption).  It  seems  unlikely  that  departures  from  this  assumption 
could  cause  most  of  this  variation.  -  •  • 

The  fact  that  ths  effective  reflection  coefficient  can  Increase  significantly  above  Its  median  value 
during  disturbed  conditions  Is  a  very  Important  result.  It  Implies  that  a  rough  path  can  behave  like  a 
smoother  path  for  a  significant  fraction  of  time.  The  fact  that  these  enhancements  of  the  reflected 
signal  are  sometimes  coupled  with  attenuation  of  the  direct  signal,  as  Illustrated  by  Martin's 
measurements  (see  Martin,  1982a)  of  their  relative  levels  (l.e.,  the  parameter  R,  equivalent  to  b  In  the 
model  of  Runnier  (1979)),  Illustrates  why  severe  surface  multipath  fading  Is  so  prevalent  even  on  rough 
paths. 


It  seems  most  likely  that  the  significant  enhancements  In  the  effective  reflection  coefficient  result 
from  a  focussing  of  Incident-wave  energy  on  the  reflecting  ground  surface,  and  possibly  a  further 
focussing  of  the  reflected  wave  Itself.  As  evident  from  Fig.  7,  the  presence  of  a  duct  below  the  path 
could  cause  this  If  she  region  of  dense  rays  adjacent  to  the  lower  apex  of  the  "Interference  region" 
coincided  with  the  reflecting  surface  of  the  path.  Indeed,  observation  of  the  calculations  of  Dutton 
(1961)  of  "shadow  zone"  sizes  ai.u  "Interference  region"  location,  and  their  ranges  of  variation,  gives 
heed  to  the  argument  that  the  reflected  wave  can  sometimes  undergo  a  net  focussing  while  the  direct  wave 
Is  simultaneously  being  def' sussed.  Since  the  areas  of  enhanced  surface  reflection  would  move  along  the 
path,  the  proportion  of  dl.  usedly  reflected  power  with  respect  to  specularly  reflected  power  can  be 
expected  to  vary  considerably.  In  addition  to  such  large-scale  focussing  and  defocussing,  uncorrelated 
focussing  and  defocussing  (scintillation)  due  to  small  scale  Irregularities  could  play  some  role, 
particularly  at  hlgv  r  frequencies. 

Regardless  of  the  uncertainties  In  the  average  proportion  of  specular  and  diffuse  reflection 
Involved,  the  various  measurements  Indicate  that  terrain  reflection  and  scattering  Is  of  sufficiently  high 
amplitude  to  Interfere  destructively  with  faded  atmospheric  waves  for  a  significant  fraction  of  time.  The 
approximately  -6  dB  to  -14  dB  range  of  ground  reflected  signals  during  undisturbed  conditions  on  the 
highly  reflecting  paths  of  8ulltngton  (1954),  and  McGavin  and  Maloney  (1959);  woo'd  be  sufficient.  So 
also  would  the  approximately  -10  dB  to  -30  dB  range  during  disturbed  conditions  ot  the  rougher  Roc 
Tredudon  -  Lannlon  path  (S3  ”  33  m),  as  observed  from  the  measurements.  It  might  be  noted  that  overall 
path  surface  roughnesses  In  the  47-1  Ink  sample  discussed  .previously  range  between  S3  '  3  «  and  S3  *  62  m 
In  42  of  these. 

3.4  Measurements  and  calculations  of  relative  path  delays 

Considerable  evidence  as  to  the  usual  role  of  surface  reflection  In  selective  fading  Is  also 
available  from  a  comparison  uf  relative  path  delay  measurements  and  calculations.  A  brief  Introduction  to 
some  relative  delay  measurements  associated  with  fading  measurements  has  already  bean  made.  Table  1 
provides  a  more  complete  list  of  experiments  reported,  with  r-latlve  delay  and  associated  amplitude 
information  in  summary  form. 

Calculations  of  atmospheric  delays.  The  Information  In  Table  1  Indicates  that  relative  delays  as 
large  as  several  nanoseconds  have  been  observed  from  most  experiments,  even  on  overland  paths.  Although 
most  of  the  experimenters  on  overland  paths  have  assumed  these  to  rovilt  from  atmospheric  multipath,  and 
some  erroneous  calculations  available  (e.g.,  Ruthroff,  1971)  appeared  to  support  this,  recent  calculations 
suggest  that  relative  atmospheric  multipath  delays  are  normally  fairly  small.  (In  fact,  even  some  early 
calculations  by  Onorl  and  Sato  (1958)  seem  to  suggest  this.) 

The  two  most  relevant  and  comprehensive  works  would  appear  to  be  those  of  Webster  (1983)  and  Rarl 
(1983).  The  ray  tracing  study  of  Webstar  has  already  been  Introduced  in  sub-section  3,2.  Referring  to 
the  center  graph  of  Fig.  8,  It  Is  clear  that  even  for  a  50  km  path  and  a  layer  (IOOb  thickness)  with  a 
total  refraetlvlty  change  as  large  as  20  Nu,  tv  largest  relative  delays  between  the  two  dominant  rays 
(1  and  2)  are  less  than  about  1  ns.  The  relative  delay  of  the  third  ray'  Is  even  less  since  It  travels  In 
a  height  Interval  where  the  refraetlvlty  Is  lesj, 

Using  a  three-layer  discrete  gradient  model,  Pari  (1983)  has  analytically  derived  an  expression  for 
the  maximum  relative  delay  between  atmospheric  rays.  The  solid  curves  In  Fig,  10  display  his  results  as 
functions  of  path  length  for  ducta  having  a  -50  Nu  Intensity  and  various  refraetlvlty  gradients.  Although 
the  largest  refraetlvlty  gradients  give  fairly  long  delays,  It  sust  be  emphasised  that  such  large 
gradients  are  extremely  rere  (Bean  ei  si.,  1956;  Sega!  and  Barrington,  1977;  Dougherty  and  Dutton,  19*1), 
As  discussed  tn  the  followtng  sub -taction,  It  Is  more  likely  that  long-delayed  rays  result  from  ground 
reflection. 

As  demonstrated  by  Pari,  the  maxlmus  relative  delay  varies  as  d*  for  short  path  lengths  (19  to  about 
30  km)  and  at  d  for  longer  paths.  Earlier  workers  (Ruthroff,  1971;  Sasaki  and  Aklyaw,  1379)  had 
concluded  that  the  dependence  was  as  d  for  all  path  lengths.  This  resulted  In  very  pessimistic  early 
estimates  of  digital  radio  performance,  as  noted  by  Hubbard  (19*4). 
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TABLE  1. 

RE LAI 'YE  DELAY  MEASUREMENTS 

Investigators 

Path 

Location 

Path 

Length  (ka) 

Frequency 

(GHz) 

Technique 

Delay 

Information 

Remarks 

Crawford  and 
Jakes  (1952) 

Murray  Hill  - 
Holmdal.  NJ 
Southard  Hill, 
HJ,  USA 

J6 

27 

3.7  -  4.2 

« 

Fitquency 

sweep 

Delays  up  to 
10  ns  estima¬ 
ted  with 
analog  simu¬ 
lator 

Associated 

angle-of-arrlval 

measurements. 

See  text. 

DeLange  (1952) 

Murray  Hill  - 
Holmdel,  KO 

USA 

36 

1 

Pulse 

transmission 

Delays  up  to 

7  na  measured 
Usually  <3ns 

Same  path  as 
.  Crawford  and 

Jakes  (1952) 

Meadows  et  a). 
(1966) 

Hldley  -  Green 
Halley.  lU. 

55 

3.6  -  4.1 

Frequency 

sweep 

Delay  of  2nd 
ray  between 

2  and  10  ns 

Single  event 
only.  See  text. 

Douoherty  and 
Hartaan  (1377) 

Haswell,  CO, 

USA 

23 

13.3  ,  14.9 

Pseudo 

random 

noise 

0.5  ns  be- 
ween  2  paths 

Single  event 
only.  Associated 
meteorological 
measurement). 

Sasaki  and 
Akiyama  (1979) 

Shlroyama  - 
Kosuzume, 

Japan 

36 

18  *  22 

Frequency 

sweep 

4  ns 

maximum 

Two-ray  model 
assumed  for  all 
paths 

Kawagoe  - 
Musashlno, 

Japan 

23 

18  -  22 

» 

0,3  ns 

maxi mum 

Harusawa  - 
Nt.  Kano, 

Japan 

79 

5.6S  -  6.42 

■ 

6.7  ns  sax, 
(C.0026) 

Exponential 

distribution 

estimated 

Mt.  Wei  - 
Ohnogl, 

Japan 

62 

N 

0.13  ns  max. 

Kawaguchi  - 
Itsukalchl , 

Japan 

48 

3.7  -  4.2 

N 

2.3  ns  max. 
(0.056) 

Exponential 

distribution 

estimated 

R.  Sandberg 
(I960) 

Copenhagen, 

Denmark 

75 

13.5  -  15.0 

rrequency 

sweep 

<1  ns  delay 
of  second 
ray.  Up  to 

6  ns  delay  of 
third  small 
amplitude  ray 

Second  ray 
comparable 

In  amplitude 
to  flrit. 

Single  event 
only. 

Martin  (1962a) 

Roc  Tredudon  - 
Lannlon, 

Franca 

50  11,25  -  11.65 

Frequency 

sweep 

Delay  distri¬ 
bution,  with 
delays  of  S  ns 
(0.016),  8  ns 
(0,0016) 

See  text 

Hubbard  (1984) 

Miscellaneous 

40  - 

160 

8.6 

Pseudo 

random 

noise 

Deliyi  up  to 

18  ns 

See  text 

Lam  and  Webstar 
(1965) 

Otter  take  - 
Ayleiford, 

H.S.,  Canada 

60 

9.S  -  10.5 

Frequency 

sweep 

Delays  up  to 

5  ns  (0.016) 
in  distribu¬ 
tion 

See  text 

Otter  lake  - 
Xlctaua 

H.S.,  Canada 

41 

* 

Oelsys  up  to 

14  nt  (0.016) 
In  distribu¬ 
tion 

See  text 

lasmers  and 

Man*  (1465) 

Saddle  back  Mt.  • 
Prospect  Hill, 

MA,  USA 

7J 

uaxz 

Pseudo 

random 

noise 

Estimated 
delays  up  to 

4  tie 

Two  event)  only. 

Associated 

angle-of-arrlval 

HMSUfMtntS 
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The  nmjor  difference  between  the  jingle  layer  models  of  Webster  and  of  Perl  Is  that  Webster  assumed  a 
smooth  transition  whereas  Pari  did  not.  The  advantage  of  Parl's  approach  Is  that  the  ray  equations  can  be 
solved  analytically,  allowing  equations  to  be  obtained  for  the  naxliua'relatlve  delay  and  other  useful 
quantities.  The  maxlau*  relative  delay  calculations  of  Pari,  however,  would  see*  to  be  comparable  to 
those  of  Webster,  If  perhaps  slightly  less.  Pari  also  showed  that  higher  order  rays  which  crisscross  the 
layer  lower  boundary  are  theoretically  possible  (see  also  Dougherty,  1981).  It  Is  clear  from  his 
analysis,  however,  that  any  additional  relative  delay  of  these  higher  order  rays  Is  negligible  by 
comparison  with  the  results  of  fig.  10.  Further  detailed  comparisons  between  the  various  models. 

Including  those  of  Webster  and  Pari,  would  be  useful. 

Webstar  (1983)  also  calculated  the  relative  delay  that  would  result  from  total  reflection  by  an 
elevated  subsidence  layer  In  which  an  abrupt  change  In  refractlvlty  occurs  within  a  very  small  height 
interval.  The  results  are  displayed  in  Fig.  11,  along  with  the  observations  of  Meadows  et  al.  (1966). 

Such  an  explanation  for  the  results  of  Meadows  et  al.  seems  plausible,  particularly  In  view  of  the 
associated  ••efractlvlty  profiles  that  they  presented.  It  should  be  noted,  however,  that  this  was  a  single 
•isolated  event  during  a  one-year  period.  The  bulk  of  the  fading  that  Meadows  et  el.  observed  on  their 
very  rough  path  was  fiat  fading  Indicative  of  defocussing. 

Hubbard  (1984)  also  discussed  some  relative  delay  measurements  and  associated  refractlvlty  profiles 
that  from  his  calculations  seemed  Indicative  of  reflection  by  an  elevated  ducting  layer  well  above  his 
path.  He  also  noted  other  measurements  on  the  same  day  that  appeared  to  be  due  to  ground  reflection.  The 
relative  frequency  of  both  types  of  event  would  be  of  Interest. 

Calculation  of  surface  sultipeth  delays.  Various  Investigators  have  assumed  that  the  relative  delay 
of  ground  reflected  rays  Is  quite  small.  Meadows  et  al.  (1966),  for  example,  calculated  a  relative  ground 
delay  of  2  ns  for  their  experimental  path.  Such  a  calculation  assumes,  however,  that  the  refractlvlty 
profile  below  the  path  Is  normal  or  near  normal  (l.o.,  4/3-earth  profile  with  gradient  of  -40  Nu/km).  If 
a  layer  with  an  abnormally  high  negative  gradient  exists  bains  the  path,  the  situation  can  be  quite 
different. 

This  Is  Illustrated  beautifully  In  the  ray-tracing  curves  of  Lam  and  Wabster  (1985)  corresponding  to 
their  most  elevated  80  km  overwater  path  (Fig.  12b).  When  the  duct  (-40  Hu  intensity  and  100m  thickness) 
is  at  the  surface  (the  center  of  the  duct  that  eventually  becomes  elevated.  In  this  case),  the  direct  ray, 
and  for  the  most  part  the  surface  reflected  rey,  travel  fn  an  atmosphere  with  normal  gradient.  The 
relative  delay  calculated  Is  almost  exactly  equal  to  that  obtained  for  a  normal  atmosphere  (4.4  ns),  shown 
by  the  cross  added  to  the  graph  of  Lam  and  Webster.  As  the  duct  rises,  an  Increasing  portion  of  the  path 
travelled  by  the  surftee  reflected  ray  Is  in  the  much  higher  refractlvlty  region  below  the  duct.  As 
evident,  the  relative  delay  Increases  almost  linearly  as  the  duct  rises.  Once  the  duct  r1s*3  above  the 
path  and  the  direct  ray  no  longer  travels  In  a  less  ‘dense*  medium  above,  the  relative  delay  drops  quickly 
back  to  the  value  for  a  normal  atmosphere.  As  slso  illustrated  In  Flo.  12b,  the  relative  delays  of  the 
atmospheric  reys  that  arise  once  the  duct  Is  above  the  path  (6  ns  maximum)  are  considerably  smaller  than 
the  maxi  suit  value  for  the  surface  rey  occurring  when  the  duct  Is  just  below  the  path  (12  ns  maximum). 

Unlike  the  calculation  of  maxima  relative  delays  of  atmospheric  multipaths,  which  appear  to  require 
e  rigorous  inalysls  such  as  that  of  Webster  (1983)  or  Pari  (1983),  an  approximate  estimate  of  the  maximum 
reletlva  delay  of  the  surface  reflected  ray  can  be  obtained  more  simply.  Under  the  assumption  that  a 
defocusalng  layer  is  Just  below  the  path,  then  the  relative  delay  can  be  calculated  as  the  sum  of  two 
contributions.  The  ccttrlbutlon  At i  from  the  region  of  constant  gradient  below  the  layer  can  be  estlaated 
In  the  normal  way  from  the  aquation  (8oith1as,  1983) 


Aij  •  (hy  ♦  hg)2  [  l-m(l+b2)  ] 


(10) 


where  dr  and  dg  are  the  distances  from  the  transmitting  and  receiving  terminals  to  the  specular 
reflection  point,  and  »  and  b  are  coefficient*  In  a  third-order  equation.  The  contribution  resulting  from 
the  fact  that  the  direct  wave  travels  In  the  lower  refractlvtty  region  above  the  layer  can  be  estimated 
from 


atj  .  (|AHIxlO*‘)  d/e  (11) 

where  AW  la  tba  duet  Intanjlty,  The  total  relative  delay.  At,  »  ati  ♦  Atj,  of  course  assumes  that  the 
layer  It  Infinitely  thin. 

The  accuracy  of  thli  staple  procedure  Is  Illustrated  In  Fig.  12b.  As  aireauy  noted,  the  value 
At i  ■  4 .a  ns  for  a  normal  refractlvlty  gradient  1i  virtually  Idantleal  to  the  ray  tracing  calculation  for 
a  ground-based  layer  half  the  thickness  of  the  eleveted  layer  .  The  value  of  Atj  *  10.1  na  for  tha  -40  Nu 

ltytr  gives  a  total  relative  deity  of  1S.1  ns.  TMt  Is  the  approximate  value  that  would  be  obtained  If 

the  approximately  linear  curve  In  Fig.  12b  were  extrapolated  to  the  average  path  height.  The  20t  lover 
ray  tracing  calculation  of  12  ns  for  a  layer  juat  below  the  path  Is  due  to  the  fact  that  It  accounts  for 

finite  duct  tMckhtat.  Lam  (2963)  showed  the  variation  of  Mximua  delay  for  finite  duct  thlckneat  on  hla 

Bsy-of-Fundy  path  at  a  function  of  duct  Intensity  aw,  From  hit  delay  statistics,  hi  estimated  that 
maximum  |w|  valuta  for  hit  path  seldom  exceed  40  Ms. 

The  contribution  At)  to  the  maximum  relative  delay  la  usually  much  smaller  than  tha  additional 
contribution  At*  during  the  presence  of  fairly  extrema  ducts  («.g„  AW  •  -40  Mu) .  For  the  fast  sample  of 
41  links  discussed  earlier,  Atj  ranges  between  0.2  ni  end  S.S  ns  for  44:  for  the  steepest  path, 

At:  *  U  ns.  However,  for  IS  links  this  contribution  1$  test  than  2  na. 
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Eq.  (11)  therefore  provides  a  good  approximate  upper  bound  to  the  maximum  delay  under  the  worst-case 
condition  that  the  layer  Is  Just  below  the  path.  The  curve  based  on  eq.  (11)  with  an  *  -50  Hu  Is 
superimposed  on  the  atmospheric  multipath  delay  graph  of  Pari  In  Fig.  10.  As  evident.  It  gives  larger 
relative  deldys  than  occur  under  worst-ease  conditions  where  the  same1  layer  Is  above  the  path,  even  In  the 
case  of  wry  extreme  gradients.  For  more  normal  relatively  extreme  gradients  irf  temperate  climates  (e.g., 
-WO  Nu/km),  the  difference  Is  quite  large.  As  for  atmospheric  multipath  at  longer  path  lengths,  the 
maximum  delay  Is  approximately  linear  In  d. 

As  evident  from  this  analysis,  tie  maximum  relative  delay  depends  much  more  on  the  layer 
characteristics.  In  particular  the  Intensity  AH,  than  on  the  path  height  above  the  reflecting  surface. 

The  approximate  distribution  of  At  could  be  estimated,,  given  the  distributions  of  ah  and  abnormal  layer 
heights.  For  horizontal  paths,  and  layer  heights  h  less  than  the  mid-path  height  hp,  eq.  (11)  can  be 
generalized  to 

Ay  (|AN|xlO-6)dh/hpc  (12) 

For  Inclined  paths,  little  error  would  be  Introduced  by  employing  the  height  at  path  center  also, 
particularly  since  abnormal  layers  tend  to  be  Inclined  with  the  average  terrain  slope  (e.g.,  Learners  and 
Narr,  1985).  Eq.  (12)  could  be  multiplied  by  some  suitable  factor  (e.g.,  0.8)  to  allow  for  the  fact  that 
It  assumes.  Infinitely  thin  layers. 

Discussion.  As  evident  from  the  calculations  of  surface  multipath  delays,  (e.g.,  Fig.  12a,b)  the 
greatest  delays  occur  along  with  the  greatest  amount  of  defoeusslng  attenuation  of  the  direct  signal. 

This  Is  confirmed  by  the  results  of  Martin  (1982a)  displayed  In  Fig.  4,  and  also  by  the  observations  of 
Lam  and  Webster  (1985).  described  In  sure  detail  by  Lam  (1983).  It  Is  significant  that  the  maximum 
defocussing  loss  In  F.ig,  12a  (25  dB)  and  the  maximum  relative  delay  In  Fig.  12b  (12  ns)  were  both  exceeded 
for  the  same  percentage  of  time  (about  0.3*)  In  the  experimental  measurements  of  Lam  and  Webster  shown  In 
Fig.  3.  Thus,  the  stngle  uniform  layer  model  used  to  obtain  the  results  of  Fig.  12  would  seem  to  be  an 
excellent  one,  at  least  statistically.  As  indicated  previously,  the  observations  of  Lam  and  Webster  were 
complicated  by  the  presence  of  a  ridge  partially  obstructing  the  surface  reflection  path.  Also  displayed 
In  Fig.  12a  Is  the  estimate'1  amplitude  of  the  surface  reflected  wave  without  the  additional  diffraction 
loss  (Lam,  1983).  It  Is  noteworthy  that,  for  this  particular  path  geometry  and  layer  characteristics, 
there  is  sow  Indication  of  focussing  of  the  reflected  wave  associated  with  the  defocussing  of  the  direct 
wave. 


Of  the  main  two  main  mechanisms  causing  significant  median  depression,  defocussing  and  "refractive' 
atmospheric  multipath.  It  Is  evident  that  the  largest  relative  delays  will  be  associated  with  defocussing 
layers  Just  below  the  path.  This  is  also  the  situation  for  which  the  greatest  frequency  selectivity  of 
the  deep  fades  will  occur.  The  large  relative  delays  occurring  In  this  manner  for  both  specular  and 
diffuse  ground  reflection  should  have  approximately  the  same  value,  except  when  the  propagation  distances 
for  these  two  components  are  wry  different  (e.g.,  the  path  of  Sakagaml  and  Hosoya,  1982).  When 
refractive  atmospheric  multipath  due  to  a  layer  above  the  path  Is  the  mechanism  causing  median  depression, 
the  relative  delays  of  surface  multipath  will  be  comparable  to  those  during  undisturbed  conditions  (i.e.. 
At!).  These  are  of  approximately  the  same  magnitude  as  the  maximum  relative  delays  due  to  refractive 
atmospheric  multipath. 

Ho  Information  appears  to  be  available  for  refractive  atmospheric  multipath  delays  associated  with 
abnormal  layers  below  the  path  (i.e.,  the  Interference  regions  of  Ikegaml  (1959)).  In  view  of  the 
geometry  of  this  situation,  however,  these  are  considered  unlikely  to  be  larger  than  those  for  layers  Just 
above  the  path.  A  similar  speculative  conclusion  might  be  made  for  refractive  atmospheric  multipath 
arising  from  a  subrefractlve  layer  below  the  path.  Further  Investigation  Is  needed  for  these  and  various 
multi-layer  situations. 

The  sole  atmospheric  multipath  situation  that  would  seem  to  produce  relative  delays  comparably  large 
to  those  for  surface  multipath  Is  that  of  an  elevated  duct  from  which  a  reflection  occurs  (I.e., 
“reflective"  atmospheric  multipath,  Fig.  11).  All  available  observations,  however,  suggest  that  this 
highly  frequency  selective  fsdlng  situation  without  median  depression  Is  extremely  rare. 

3.5  Correlation  and  multiple  regression  amalyses 

Usually  the  statistical  analysos  of  large  fading  data  bases  are  not  considered  to  provide  much 
Information  on  the  underlying  clear-air  mschinlsas.  nevertheless,  the  type  of  detailed  correlation  and 
aultlple  regression  analytes  of  aany  variables,  discussed  In  a  companion  paper  (TJelta  et  si.,  1986),  has 
begun  to  do  this. 

The  clearest  Indication  that  specular  ground  reflection  is  Important  in  the  47-11nk  test  sample  is 
that  the  grazing  angle  f  hat  emerged  as  one  of  the  most  significant  variables  in  the  asymptotic  aultlple 
regression  equition  for  the  lirgt  fide  depth  range  of  the  fading  distribution.  Ths  negative  regression 
coefficient  obtained  for  ♦  Is  In  general  agreement  with  tqi,  (1)  to  (5)  which  give  a  specular  raflactlon 
coefficient  increasing  with  decreasing  ♦.  It  is  fairly  clear  from  the  results  of  TJelta  et  al.  (1986) 
that  earlier  indteetions  of  the  importance  of  pith  eleertnce  in  ecysptotic  models  for  the  feding 
distribution  (Crombie,  1983;  Olaen  at  al.,  1986)  were  en  imperfect  indication  of  the  importance  of  grazing 
angle,  end  hence  of  specular  reflection. 

A  deer  indication  of  the  Importance  of  diffuse  reflection  ia  not  as  easily  obtaintd  from  the 
anelyeis.  Perhaps  the  swat  tangible  indication  it  that  the  turface  roughnest  perimeter  tj  Involving  the 
terrain  elemental  slopes  alio  smergtd  u  a  significant  ragreaiion  variable,  end  particularly  that  s2 
valuta  for  a  path  profile  interval  of  100  m  produced  the  beat  resuite.  The  positive  regression 
coefficient  for  i*  indicates  in  effect  that  the  greater  the  roughness,  the  greeter  the  amount  of  diffuse 
reflection.  This  result  is  in  agreement  with  reaulti  observed  for  diffusely  reflecting  water  surfaces  in 
the  lowest  range  of  surface  roughnesses  (CCJR,  1988a),  The  high  correlation  between  the  diffuse 


reflection  the  reference  tall  fade  depth  Ag  a*  msy  also  be  an  Indication  of  diffuse 

reflection,  a*  nay  the.r  Xer  correlations  with  the  other  two  diffuse  reflection  parameter?  tan  $»  and 
a/So  i»  _lt  1s  >e»1dent,f:Ovvo»er,;  that  there  Is  a  functional  similarity  between  eq.  (7)  for,  K„  and  the 
expression  jBolthl  as,  1983)  for  the  grazing  angle  ♦  (l.e.,  both  K.  and  1  are  approximately  proportional 
tO'the  path  clearance  and  Inversely  woportlonal  to  the  path  -length).  Thus,  the  correlation  between  K, 
and,T)i01.s*y:'l*1"w^  *n’!’.np«rfdct  Indication  of  the  Importance  of  specular  reflection.  Further  *. 
analysis  Is  required.  ... 

The  strong  relationship  between  fade.-depth  (or  probability  of  exceeding  a.,gfven  fade  depth)  In  the 
iill  r*n9e,'°T ■: thfr-dtstrlbutjon^and  path  length,-  also  evident  In  previous  analyses  (Mori ta  and  Kaklta, .. 

io»?i  i?72LBirnett:  1972 :  Bo,th1as*  1975>  1981;  Martin  et  al..  1985;  Olsen  et  al.. 

1986),. Is  believed  to  be  due  to  the  fact  that  several  mechanisms,  including  specular  and  diffuse 
reflection,  are  dependent  on  path  length  1#  mutually  enhancing  ways.  Perhaps  most  Importantly  on  the 
atmospheric  side,  as  path  length  Increases,  the  amount  of  flat  fading  due  to  defocussing  would  tend  to 
Increase.  However,  so  also  would  the  likelihood  of  refractive  atmospheric  multipath  (Webster,  1983), 
and  therefore  the  probability  of  exceeding  a  given  atmospheric  multipath  fads  depth.  On  the  terrain  side, 
the  relative  strengths  of  both  specular  and  diffuse  reflections  from  the  ground  tend  to  increase  with 
Increasing  path  length.  Finally,  on  both  atmospheric  and  terrain  sides,  the  uncorrelated  components  of 
atmospheric  fade  depth  and  ground  reflected  signal  enhancement  due  to  scintillation  tend  to  Increase  with 
increasing  path  length.  The  degree  to  which  the  Importance  of  path  length  In  the  analysis  Is  a  measure  of 
the  importance  of  each  of  these  mechanisms  Is  as  yet  unclear.  It  Is  clear,  however,  that  path  length 
alone  cannot  describe  the  fading  contributions  of  each  mechanism  nearly  as  well  as  combinations  of 
variables  that  account  for  other  aspects  of  these  mechanisms  also. 

The  Importance  of  path  Inclination  In  the  analysis  of  Tjelta  et  al.  Is  believed  to  Indicate  the 
Importance  primarily  of  the  atmospheric  contribution  to  the  fading.  In  particular,  defocussing 
attenuation  of  the  atmospheric  signal  component  would  tend  to  Increase  with  increasing  path  inclination. 

«]so  Mould  atmospheric  multipath  fading,  as  Indicated  by  the  work  of  Webster  (1983)  and  of  Pari 
1983),)  An  effect  not  unimportant  on  the  terrain  side,  however,  Is  the  fact  that  an  Increasing  path 
Inclination  will  tend  to  cause  a  decreasing  effective  specular  reflection  coefficient  as  a  result  of  the 
decreasing  antenna  directivity  product  (see  sub-section  3.3). 

The  overall  Increase  In  fading  with  Increasing  frequency  evident  In  the  overland-path  analyses  of 
Tjelta  et  al.  and  others  Is  believed  to  be  another  Indication  primarily  of  the  Importance  of  terrain 
reflection.  The  positive  regression  coefficient,  however,  would  suggest  that  the  strength  of  the  specular 
reflection  tends  to  increaso  with  Increasing  frequency,  the  opposite  of  what  would  be  expected  at  first 
glance  from  eqs.  (4),  (S),  and  (1).  One  reason  may  be  that  on  most  paths  the  surface  roughness  within  the 
first  Fresnel  zone  decreases  sufficiently  quickly  with  Increasing  frequency  (because  the  size  of  this  zone 
decreases  wtth  Increasing  frequency,  reducing  the  proportion  of  large  surface  Irregularities  -  see 
sub-section  3.3)  to  outwelght  the  normal  decrease  In  the  effective  specular  reflection  coefficient  with 
Increasing  frequency.  Another  not  unrelated  reason  may  be  the  fact  that  finite  terrain  reflecting 
elements  can  reflect  more  energy  as  the  frequency  Is  Increased  (e.g..  Hall,  1979;  Bolthlas,  1983). 
Recently,  Lavergnat  and  Sylvaln  (1985b)  have  cited  another  possible  reason  associated  with  the  constant 
phase  shifts  of  the  various  multipath  components.  It  does  not  appear  that  the  180*  phase  shift  associated 
with  at  least  specular  reflection,  however,  would  produce  a  significant  frequency  variation. 

At  microwave  frequencies,  the  decrease  In  fade  levels  with  increased  surface  roughness  has  been 
coawonly  attributed  to  the  lessened  probability  of  stable  atmospheric  layering  over  rough  terrain 
(e.g.,  Vlgants,  1975).  pie  results  of  Tjelta  et  al.  might  be  taken  to  suggest  that  the  Importance  of 
large  scale  surface  roughness  parameters  (such  as  si!  In  previous  analyses  (Pearson,  1965;  Norlta,  1970; 

Barnett,  1972;  Vlgants,  1975;  Olsen  et  al.,  1986)  was  an  Imperfect  Indication  of  the  Importance  of  path 

Inclination  (which  is  fairly  highly  correlated  with  surface  roughness),  since  path  Inclination  appears  to 
**  a  batt*!'  predictor  variable.  However,  an  effect  of  surface  roughness  on  layer  stability  might  be 
sufficiently  well  described  by  a  variable  such  as  path  inclination  that  accounts  for  other  effects  as 

, 9<*8.  **?1  "fact  of  surface  roughness  may  also  be  Included  In  the  geocllmatlc  factors  determined 

by  Tjelta  et  al.,  because  of  somewhat  different  distributions  of  surface  roughness  from  one  geocllmatlc 
region  to  another.  The  wiole  question  of  surface  roughness  effects  on  both  atmospheric  and  surface 
mechanisms  Is  a  complex  one,  and  requires  further  Investigation. 

..  „  I*  well  known  that  sfngle-freouancy  fading  distributions  hive  a  tail  region  of  10  dB/decade  slope 
that  nomelly.  begins  at  fade  depths  of  about  10  or  15  dB  (CCIR,  1986b).  The  vaults  of  this  and  previous 
sub-sections  suggest  that  this  tall  region  arises  mainly  frm  the  complex  Interaction  of  atmospheric 
fading  and  surface  reflection  that  begin*  at  about  these  fade  *pthi7 

3.C  Depolarization  theory  end  measurements 

,  I*  1*  fa?*"!v  well  established  thet  deterioration  fit  cross  polarization  dl  serial  nation  (XPD)  on  dual 
^  fr€*  1  «*<"*t<on  of  fading  of  the  c^arlse™^*]  and  wlttf 

coupling  Into  the  ercsspoHrlzed  patterns  of  the  antennas  (Horlta,  1971;  Martin  and  Casanova  1974- 
Roorye*  and  Martin,  1977;  Morlt*  at  al„  1979;  Olsen,  1991;  KIR,  lM«e).  Kile  the  dlffmnt  effict  of 
the.  eopolar  and  croispolar  antenna  patterns  on  the  multipath  signals  posts  a- problem  for  operating  radio 
systems,  it  providt*  another  source  of  information  on  the  multipath  nachanians  involved,  ” 

•  »,T5?  MVara3  clear-air  erosepolarization  experiments  have  shown  that  conditional  XPD 

?ralt*4«  VUi  **^  m*  [**?, 0,1  RRUlRFobabl*  value)  can  bt  related  to  th#  eopolar  attenuation 
(CPA),  in  tee  deep  fading  ruga  by  ten  ampirieal  ralation  (Olson,  1981;  CCIR,  1985c) 

.  —  ••  •;  XPOe*-CPAfC  (dB)  .... 
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»h*n  20  dB.  This  has  been  expressed  as  (Morlta  et  aT.,  1979)  "or* 


XTO  ♦  o 
0 


(dB) 


(14) 


where  Q  Is  an  Improvement  factor"  that  determines  at  what  value  of  CPA  the  relation  (111  h*ain«  t-n 
apply.  Thus.  0  ha.  virtually  always  been  observed  to  be  posltlie?  with  "uS  nSJfnS  SySTS  dB. 


One  of  the  authors  (Olsen.  1985)  has  theoretically  verified 
tlic  paiuiaetar  C  for  uach  of  two  of  the  combined  fading  mechanisms 


1 


.  (13)  and  developed  expressions  for 
ntroduced  In  sub-section  2.2: 


(a)  atmospheric  defocussing  plus  surface  reflection; 


(b)  atmospheric  multipath  plus  surface  reflection. 


These  are  the  only  copolar  fading  mechanisms  for  which  eq.  (13)  would  appear  to  apply, 
and  the  conditional  mean  statistic  KPH,  C  Is  of  the  approximate  form 


For  mechanism  (a) 


C  -  XPDj  +  A,  (dB)  (15) 

where  OT)S  Is  the  mean  relative  crosspolar  response  of  the  two  antennas  to  the  dominant  surface 
reflected  wave  and  Xs  Is  Its  mean  relative  fade  depth  for  a  conditional  value  of  CPA.  Similarly  for 
mechanism  (b). 


C  ■  XPD,  +  A,  (dB)  (16) 

where  XPB4  Is  the  mean  relative  crosspolar  response  of  the  two  antennas  to  the  dominant  atmospheric  ray 
(not  Including  the  direct  ray),  and  A,  Is  Its  mean  relative  fade  depth  for  a  conditional  value  of  CPA. 
Both  XPB.  and  XFD,  depend  on  the  crosspolar  patterns  of  the  antennas  and  the  distributions  of  ray 
angles-of-arrlval  and  launch.  For  most  crosspolar  patterns  used  experimentally  In  which  there  Is  a  notch 
on  or  near  the  axis  and  higher  sldelobes  off  axis,  XFD.  <  XFD.  and  XPD_  <  XPD0.  This  Just 
expresses  the  fact  that  the  XPB  of  the  antennas  usually  degrades  off  axis. 

The  value  of  Q  for  combined  mechanism  (a)  Is  therefore 


0,  •  XPDf  -  XPDo  ♦  A,  (17) 

Since  VPB,  <  XPD0,  X,  must  be  positive  (l.e.,  the  amplitude  of  the  reflected  wave  must  be  less  than 
that  of  the  direct  wve)  and  greater  than  this  difference.  This  Is  the  normal  situation,  and  the  lower 
the  mean  level  of  the  reflected  signal,  the  larger  Is  Qj. 

In  combined  mechanism  (b).  In  order  that  CPA  be  sufficiently  large  for  sq.  (13)  to  apply,  the 
atmospheric  ray  and  the  direct  ray  must  be  of  approximately  the  icma  amplitude  so  that  they  Interfere 
destructively.  Thus  Aa  «  0,  and 


0.  ■  XPB,  -  XPD 

a  a  0 


(18) 


For  the  crosspolar  patterns  usually  applicable  experimentally,  0*  would  be  negative  or  approximately 
equal  to  zero.  Hence,  the  crosspolar  performance  of  the  link  would  tend  to  be  much  worse  during 
atmospheric  multipath  and  surface  reflection  than  It  would  during  defocussing  and  surface  reflection. 

This  Just  expresses  the  physically  understandable  fact  that  large  amplitude  atmospheric  rays  arriving  off 
axis  cause  the  link  XPB  to  degrade  more  than  do  normally  much  lower  amplitude  surface  reflected  rays. 

As  discussed  previously,  mechanisms  (a)  and  (b)  both  occur  for  some  fraction  of  the  time.  Measured 
values  of  Q  will  reflect  the  relative  occurrence.  The  fact  that  measured  values  are  virtually  always 
positive  Is  a  further  Indication  that  defocussing  plus  surface  reflection  Is  the  dominant  mechanism  on 
most  paths. 


3.7  Other  miscellaneous  evidence 

«  wf"  •  number  of  other  miscellaneous  pieces  of  evidence  that  surface  reflection  Is  a  component 
of  nltlprth  fading  superimposed  on  a  quasi-flat  median  depression.  One  Is  the  observation  that  tilting 
the  antennas  slightly  upwards  reduces  the  severity  of  deep  fading  (e.g..  Hartman  and  Smith,  1977:  Llnlger. 
1982).  In  the  •xperlmant  of  llnlger  (1982),  the  degree  of  frequency  selectivity  was  also  seen  to  reduce 
accordingly.  Quarts  (1966)  In  Ms  earlier  experiment  essentially  demonstrated  the  same  effect,  but  using 
two  antennas  of  different  beamwldth.  In  the  experiments  of  both  Quarts  and  Llnlger,  the  Interpretation 
that  the  severity  of  the  fading  depended  on  the  strength  of  the  surface  reflected  signal  was  easily  made 
because  the  reflecting  surface  wes  water. 

Quanta's  observation  that  horizontal  polarization  produced  worse  fading  thaif  vertical  polarization 
was  another  demonstration  of  the  same  effect,  made  easy  by  the  nature  of  his  path.  Again,  llnlger  (1984) 
demonstrated  that  the  degree  of  selectivity  of  the  horizontally  polarized  signal  was  greater  than  that  of 
the  vertically  polarized  signal,  but  this  tliae  on  an  overland  path.  He  noted,  furthermore,  that  the 
notch  frequencies  for  the  two  polarizations  were  slightly  displaced.  However,  he  did  not  interpret 
these  polarization  differences  for  his  overland  path  as  due  to  the  effects  of  ground  reflection. 
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Kith  *"d  L<"  { 1985)  demonstrated  that  horizontally  spaced  antennas 

thetr  It  f  a  1  tt  1  *  w*!h  ITi  ?  Ht*  ?r?,,d*  *  significant  diversity  1  mprovement  factor  against  distortion  In 

reductfinl^f  They  Interpreted  this  very  Important  result  as  due  to  the  different  gain 

anales*  In  *  long-delayed  atmospheric  multipath  signals  arriving  at  large  positive 

?"*, *V,  \v,w  °f  ***  lsr9*  amount  of  evidence  presented  In  this  paper.  It  seems  more  likely  that  the 

5  Zn  fT  *!?  sround-  ,nd  th»‘  the  «5l«n  depression  ^  caused  not  tiylto 

atmospheric  signals  of  slight  daisy,  but  by  defocussing  of  the  direct  signal. 

„  T t  ts  be  1 leved  that  the  collective  sultltude  of  all  the  space  and  frepuency  diversity  experlsients 
that  have  been  carried  out  on  overland  paths  provides  another  major  source  of  evidence  that  ground 
reflection  remains  Important  on  these  paths.  Such  an  Interpretation  has  been  made  difficult,  however,  by 
several  factors:  the  high  degree  of  spatial  correlation  associated  with  defoeusslng  coupled  with  the  low 
degree  of  correlation  associated  with  surface  reflection,  the  differences  In  the  relative  phase  end 
amplitudes  of  the  specularly  and  diffusely  reflected  waves  at  different  antenna  positions,  and  probably  by 
the  fact  that  different  perts  of  the  ground  reflect  differently  at  different  times  as  layer-focussed 
energy  Is  directed  at  one  point  and  then  another. 


4.  SOME  IMPLICATIONS  OF  THE  EVIDENCE 

An  extensive  discussion  of  the  practical  Implications  of  these  findings  Is  beyond  the  scope  of  this 
paper.  Many  of  them  have  already  been  known  for  years,  since  highly  reflecting  paths  were  avoided  where 
possible,  and  diversity  or  other  techniques  normally  applied  otherwise.  Some  discussion  Is  warranted, 
however,  particularly  with  respect  t„  -;c*r.t  attempts  to  obtain  better  models  of  wlde-band  propagation 
channel  behaviour. 

It  Is  apparent  that  even  on  links  having  approximately  the  same  path  length,  frequency,  and  path 
Inclination,  the  statistics  of  the  propagation  channel  transfer  function  will  be  quite  variable  because  of 
the  variation  In  ground  reflection  charaeterlstlea  from  one  path  to  another.  These  statistics  Include  the 
probability  of  significant  fading  (such  as  associated  with  single-frequency  fading  distributions,  as 
discussed  by  Tjelta  et  al.  (1986)),  and  the  conditional  distribution  of  transfer  function  shape  variables 
(e.g.,  Lavergnat  and  Sylvaln,  1985a).  Associated  with  this,  the  proportion  of  minimum  phase  and 
non-minimum  phase  fading,  a  subject  of  speculation  by  systems  engineers,  will  as  a  result  vary  somewhat 
from  one  path  to  another. 

Several  Investigators  have  considered  ft  necessary  to  employ  three-phasor  (usually  assumed  to 
correspond  to  three  physical  paths)  models  for  the  channel  transfer  function  In  wlde-band  studies  (e.g., 
Martin,  1980;  Sakagaml  and  Nosoya,  1982;  Lee  and  Lin,  1985;  Shafl  and  Taylor,  1986).  The  utility  of  such 
models  has  been  demonstrated  by  Lee  and  Lin  (1985)  and  Shafl  (1986a)  In  recent  Monte  Carlo  simulations  of 
frequency  diversity  performance  of  digital  radios.  These  investigators  used  a  model  realization 
corresponding  to  two  strong  atmospheric  rays  of  small  relative  delay  and  a  third  small  amplitude  ray  of 
large  delay  (explicitly  corresponding  to  a  ground  reflected  ray  In  the  study  of  Shafl).  Unfortunately,  as 
discussed  In  preceding  sections,  this  approximate  physical  situation  for  realizing  median  depression  seems 
to  be  far  less  prevalent  than  that  Involving  defocussing  attenuation  of  the  direct  wave.  The  Importance 
of  slight  variations  In  the  small  atmospheric  delay  noted  by  Shafl  and  Taylor  (1966)  seems  to  be  a 
consequence  of  this  particular  model  realization,  and  the  fact  that  Insufficiently  large  bandwldths  were 
considered  to  see  the  full  effect  of  the  large  surface-reflected  signal  delay.  More  recently,  Shafl 
(1986b)  has  obtained  Initial  simulation  results  corresponding  to  a  flat  fade  of  the  direct  wave  and  two 
grounj  reflected  waves. 

As  a  consequence  of  the  evidence  presented  In  this  paper  and  the  results  of  these  various  early 
analyses,  in  wlde-band  applications  there  would  seem  to  be  a  need  for  three-phasor  (“simplified 
four-phasor“)  models  of  the  form 


H( Jw)  -  ao  +  a1eJ(“Tl+*l)  ♦  a2eJ(“Tj+*j)  (19) 

H( Jw)  -  a0  [l-bs  -  b2eJ(“^^>]  (20) 


In  which  there  are  five  variables  as  follows: 

(1)  a0  Is  the  amplitude  of  the  quasi-flat  atmospheric  attenuation  resulting  from  defocussing, 
atmospheric  multipath,  or  antenna  decoupling, 

(11)  a;  and  z;  are  the  amplitude  and  relative  delay  of  the  surface  specularly-reflected  wave, 

(111)  aj  and  z*  are  the  amplitude  and  relative  delay  of  the  surface  diffusely-reflected  wave. 

The  phase  shifts  and  *2  are  the  physically  real  but  essentially  frequency  Independent  quantities 
associated  with  the  surface  reflection.  Lavergnat  and  Sylvaln  (1985b)  have  recently  discussed  their 
physical  necessity  In  general.  Runnier  (1979)  In  effect  employed  a  phase  shift  fi  In  Ms  simplified 
three-ray  model,  although  he  let  it  vary  and  fixed  the  delay,  a  mathematically  justifiable  approach. 

The  explicit  separation  Into  specular  and  diffuse  reflection  contributions  In  (19)  and  (20)  would 
seem  to  be  necessary  for  at  least  space  diversity  applications,  because  of  the  great  variability  of  the 
diffuse  contribution  with  spatial  variation.  Unfortunately,  suitable  distributions  for  the  ray 
anplltudes,  relative  delays,  and  their  corresponding  means  and  standard  deviations,  remain  uncertain 
because  of  the  lack  of  both  experimental  results  and  theoretical  calculations.  The  small  amount  of 
evidence  suggests  that  a-  Is  lognormal ly  distributed' (e.g.,  Rumnler,  1979;  Lam  and  Webster,  1985),  and 
z;  Gaussian  distributed  Te.g.,  Lam  and  Webster,  1985).  The  data  of  Martin  (1982a)  Indicate  that  the 


distribution  of  MlogUi)  Is  at  least  symmetric.  Th«  results  of  «ny  controlled  experlMnts  In 
undisturbed  conditions  discussed  by  Beckmann  and  Salzzlchlno  (1963)  Indicate  that  »2  Is  Rayleigh 
distributed.  However,  with  the  apparent  atmospheric-focussing  enhancements  In  both  expend  a2  occurring 
during  disturbed  conditions,  these  are  more  likely  to  be  approximately  lognormal ly  distributed. 

SlmUlrtlottshavs  so  far  been  based  on  the  assumption  of  statistical  Independence  between  the  various 
ray  amplitudes  and  phases.  However,  the  Investigations  discussed  In  section  3  have  shown  that  there  Is 
some  correlation  between  a0  and  n,  a,,  and  ai,  and  and  r2.  The  effect  of  such  correlations  on  the 
several  appllcatlbni'of  the  simulation' results  heeds  to  be  Investigated.  In  general,  care  must  be  taken 
to  avoid  models  that  are  physically  fairly  realistic  but  Impractical. 

finally,  although  ground  reflection  night  be  considered  as  a  problna  to  be  minimized  es  much  as 
possible,  there  Is  some  Indication  that  Its  presence  may  help  avoid  outages  when  In  rare  Instances  the 
atmospheric  signal  fadas  beyond  the  flat  fade  margin  of  a  system. 


S.  DISCUSSION  AND  CONCLUSIONS 

This  paper  has  attempted  to  classify  and  present  the  diverse  evidence  for  the  Important  role  of 
terrain  reflection  it  SHF  In  a  systematic  way  such  that  the  conclusion  Is  clear.  At  the  mm  time.  It  has 
tried  to ’shew  that  defocutalng,  and  hot  atmospheric  multipath.  Is  the  most  prevelent  mechanism  reducing 
the  atmospheric  signal  to  a  level  where  It  can  Interfere  destructively  with  the  terrain-reflected  signal. 
The  authors  do  not  claim  that  this  combined  atmospherl c/surface  mechanism  is  the  only  one  responsible  for 
the  observed  frequency  selectivity  of  fading  -  only  that  It  Is  the  most  frequently  occurring  one. 

Much  further  research  needs  to  be  done  in  order  to  Improve  the  understanding  of  the  complex  mixture 
of  mechanisms  Interacting  in  the  clear-air  propagation  channel.  Both  ’microscopic*  and  ’macroscopic* 
approaches  in  this  research  are  required.  Detailed  microscopic  Investigations  should  Include: 

(1)  the  conduct  of  more  sophisticated  channel  probing  experlMnts,  along  with  simultaneous  In-sltu 
atmospheric  measurements.  There  Is  a  dearth  of  Information  on  Individual  ray  amplitudes  (both 
polarizations),  relative  delays,  and  angles-of-arrtval.  There  1*  even  less  such  Information  In 
association  with  overall  fade  levels,  group  delays,  and  XPD's.  Simultaneous  meteorological 
measurements  from  which  to  Interpret  such  transmistlon  Masurements  are  similarly  lacking, 
although  the  availability  of  modern  Instrumentation  and  data  processing  equIpMnt  Is  encouraging 
(Segal,  198$).  More  attention  needs  to  bo  paid  to  the  terrain  in  controlled  experlMnts. 

(11)  more  ray-tracing  calculations,  and  full-wave  analyses  where  necessary.  These  aust  Include  rays 
reflected  from  the  ground,  and  even  real  path  profiles  In  som  instances.  Statistical  ensembles 
of  nefractlvlty  profiles  should  be  used  where  possible  (e.g,,  Costa,  1986).  Ray  amplitudes, 
delays,  and  angles-of-arrlval  need  to  be  calculated  In  addition  to  ray  paths.  Subrefractlve, 
superrefractlve,  and  multi-layer  situations  require  consideration. 

More  Mcroscopic  Investigations  should  Include: 

(111)  further  statistical  analyses  of  large  single-frequency  fading  and  associated  Mteorologlcal  data 
bases  (e.g.,  Schlavone,  1966;  TJelta  et  al.,  1986;  Martin  et  ml 1986),  and  wlde-band  data  bases 
as  they  become  available  (e.g.,  Uvergnat  and  Sylvaln,  1985a); 

(1v>  further  Monte  Carlo  end  associated  theoretical  analyses  of  the  consequences  of  verlous  channel 
models  on  amplitude  slope  distributions,  diversity  improvement  factors,  etc.  (e.g.,  Lee  and  Lin, 
1985;  Shafl  and  Taylor,  1986;  Shafl,  1986t,b). 
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Fig.  1.  Statistical  distribution  of  differences 
between  Maximum  and  minimum  fade  depth  In  400 
MHz  bandwidth.  49  km,  4  GHz  path  In  Iowa, 
U.S.A.,  July  and  August,  1950.  [reproduced 
from  Keylor  (1953),  Copyright,  American 
Telephone  and  Telegraph  Company,  Reprinted  by 
permission] 
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Fig.  2.  Variation  of  99t,  50t,  and  It  levels  of 
conditional  distribution  of  maximum  fade  depth 
differences  (DA)  In  400  MHz  bandwidth  with 
maximum  fade  depth  (Ax).  50  km,  11.5  GHz 

path  In  France,  July  1979.  [reproduced  from 
Martin  (1982a)] 
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Ft?.  3.  Distributions  of  (a)  direct  ray 

amplitude,  (b)  reflected  ray  amplitude,  and  (c) 
relative  delay,  for  quiet  (-0-0)  and  disturbed 
periods.  80  knt  path  (9.5-10.5  GHz)  In 
Canada,  July  and  August,  1981.  [reproduced 
from  Lam  and  Webster  (1985)] 


Fig.  <.  Variation  of  991,  50%,  and  1*  levels  of 
conditional  dlstfibirtlen.  of  ...quasi-flat  fade 
depth  (G)  In  400  Wz  bandwidth  With  relative 
delay  (T)  between  direct  and  dominant  secondary 
rays.  50  Ian,  11.5  GHz  path  In  France,  January 
1980.  [reproduced  from  Martin  (1982a)] 
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Fig.  6.  "Attenuation"  and  "Interference*  regions 
for  transmitter  situated  above  a  duct  (shown  by 
H-prof11»).  [reproduced  from  Ikegaml  (1967)) 


Fig.  5.  Comparison  of  (a)  5-mlnute  mean  received 
power,  and  (b)  5-mlnute  fading  range,  with  duct 
height.  55  km,  4  GHz  co-located  horizontal  and 
Inclined  paths  In  Japan,  1-15  November  1954. 
[reproduced  from  Ikegaml  (1959)] 
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FI®.  7.  Exaaple  of  ray  pot h*  for  transaUtlM 
antenna  situated  above  o  diet,  [after  Seoal 
U985)] 
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ri9.  9.  Variation  of  991,  sot.  and  It  level*  of 
conditional  distribution  of  effective 
reflection  coefficient  (6*R)  with  relative 
delay  (T)  between  direct  and  dominant  secondary 
ray*.  $0  kn.  11.5  GHz  path  In  France,  January 
1960.  [reproduced  fro*  Hart In  (1962*)) 


fig.  10,  *He»t*u**  aWMpherie  ( — 4  and  t-jrfac* 
(“•)  mttlpai*  relative  delay*  (*«ei*y 
idread'*)  venui  path  lM|tt  for  *  duct  of 
<*U»»Uy  an*  •»  gw,  tefmtlvlty  jr*dl**t  of 
*40  Hi/tn  outalde  the  duct,  ictwi  duet 
refractivlty  tritltni  for  aumpfwrlc 
Mttfpau.  [partially  reproduced  f*a»  Pari 
UNli] 
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100  «  antenna  MlaPls,  “40  m/tt  refractivlty 
9 ra fleet  outalda  layer,  [reproduced  to* 
Hctotttr  U«U)f 
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Fig.  11,  The  maximum  anomalous  layer  height 
Ow),  associated  relative  delay  ( JTmax) , 
ancPangle-of-arrlval  IA9IU,)  versus 
Intensity  (AN)  for  "reflective"  multipath,  50 
km  path,  100  *  antenna  helohts,  -40  Nu/k* 
refractlvlty  gradient  outsioe  layer.  Lower 
curve  *  layer  thlckr.ss  4h*J00  m;  upper  curve 
*h«0 ;  dotted  curve  -  maximum  height  for  layer 
to  support  strong  reflection,  The  crosses 
represent  the  values  quoted  by  Meadows  et  al. 
(1966),  (reproduced  from  Webster  (1983)3 
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Fig.  12.  Variation  of  ray  (a)  relative  amplitude, 
(b)  relative  delay,  and  (c)  angle-of-arrlval 
with  height  of  a  single  anomalous  layer 
(characteristics  Indicated  on  Fig.  12c), 
Subscripts:  1  main  ray;  2,3  -  additional 

atmospheric  rays;  R  -  reflected  ray  with  ( _ ) 

and  without  (— )  obstacle  diffraction, 
[reproduced  from  Lam  and  Webster  (1985) .  and 
Lam  (1983)3 
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DISCUSSION 


LFeUen 

You  have  made  the  statement  that  experiments  for  propagation  loss  and  fading  are  more  reliable  than  theory.  If  that  is 
true,  what  is  missing  from  the  theoretical  models?  Are  the  experiments  sufficiently  controlled  to  isolate  the  various 
effects  which  you  designated  as  being  important?  If  not,  then  the  data  are  the  result  of  so  many  interacting  parameters 
that  systematic  modeling  for  prediction  is  well  nigh  impossible. 

Author’s  Reply 

My  statement  was  really  that  experimental  results  for  the  specular  and  diffuse  reflection  coefficients  from  terrain  are 
more  reliable  than  theoretical  results.  I  hope  the  reasons  for  this  given  in  sub-section  3.3  of  the  paper  are  sufficiently 
clear.  To  answer  your  more  general  question,  fading  models  at  the  moment  are  fairly  highly  empirical  and  I  don’t  see 
any  prospect  of  this  changing  significantly  even  in  the  long  tenn.  On  the  other  hand,  I  believe  that  experiments  have 
been  sufficiently  well  controlled  that  systematic  modelling  is  possible,  even  if  the  empirical  component  is  fairly  high 
(eg,  Tjelta  et  al,  1986). 

USoithias 

Le  phinomine  de  “trou  radioelec  trique"  (RADAR)  et  le  phenombnc  de  baisse  du  niveau  moyen  (liaison  point  4  point) 
sont  lids.  Ds  correspondent  au  cas  oil  le  recepteur  (ou  la  cible)  est  situd  du  cote  de  la  caustique  ou,  d’aprbs  la  th&nie  des 
rayons,  aucun  rayon  venant  de  I'dmettcur  ne  peut  passer.  Le  concept  de  caustique  serait  done  prefdrable  aux  concepts 
de  focalisation  et  de  ddfocalisation  qui  soni  plutot  obscure  et  non  ciairement  definis. 

Author’s  Reply 

In  some  respects  I  prefer  the  terms  “divergence”  and  “convergence"  to  “defocussing"  and  “focussing”,  because  I  think 
they  are  a  little  more  physically  descriptive.  However,  I  have  U3ed  the  latter  because  they  are  more  entrenched  in  the 
literature,  and  they  are  also  somewhat  descriptive  of  the  physical  situation.  The  fact  that  a  stratified  medium  is  causing 
the  focussing  and  defocussing,  rather  than  a  lens-like  medium  should  present  no  insurmountable  difficulty.  I  find  that 
the  mathematical  term  “caustic"  does  not  immediately  convey  enough  physical  meaning  to  qualify  as  part  of  a  term  for 
the  type  of  loss  involved,  but  to  each  his  own  preference. 

TiDoble 

Your  work  indicates  that  there  should  be  some  correlation  between  multipath  delay  and  flat  fade  depth.  Lam  and 
Webster  found  this  to  be  so  on  an  overwater  path,  but  has  this  been  supported  on  a  wider  basis? 

Author’s  Reply 

As  far  as  I  know,  Martin  (1982  a)  is  the  only  one  to  have  analyzed  wide-hand  data  hi  a  way  that  gives  an  explicit 
statistical  relationship  between  the  median  depression  depth  and  the  relative  delay  bet  seen  the  main  two  rays.  Jxun  and 
Webster  (1985)  found  a  correlation  also  but  did  not  present  a  statistical  relationship  in  their  paper.  However,  theit 
associated  tay-tracing  calculations  show  a  clear  tdatsonship  between  the  defocussing  attenuation  resulting  from  a  duct 
below  iho  path  and  the  corresponding  relative  delay  between  the  direct  and  surface-reflected  waves. 
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DEVELOPMENT  OP  A  GROUND-CONDUCTIVITY  MAP 
FOR  THE  AREA  OP  THE  FEDERAL-  REPUBLIC  ,OF  GERMANY 
FRfiM  MEASURED  FIELD-STRENGTH  CONTOURS 
by 

Bernd  Raufmann 

Instltut  fdr  Rundfunktechnlk  GmbH 
FlorlansmUhlstr.  SO 
D  -  SOOO  MUnchen  45 


Resolution  73  of  the  International  Radio  Consultative  Committee  (CCIR)  urgently  requests  ground-conductivity 
Information  at  1  MHz  for  planning  purposes  In  form  of  suitable  maps.  Following  that  request  1201  propagation 
paths  with  a  total  length  of  92578  km  were  derived  from  daytime  field-strength  contours  of  47  MF-transmltters 
at  33  transmitter  sites  In  the  Federal  Republic  of  Germany.  Assuming  a  constant  antenna  efficiency  of  70  %  the 
field-strength  values  at  the  receiving  terminals  of  these  propagation  paths  were  normalized  to  the  conditions 
which  form  the  base  for  the  propagation  curves  In  the  Annex  of  CCIR  Recommendation  368-4.  From  the  pro¬ 
pagation  curves  mentioned  before  tlie  related  ground-conductivity  values  were  taken  for  the  given  values  of  re¬ 
ceiving  distance  and  field-strength.  A  comparison  of  ground-conductivity  values  found  for  14  transmitter  sites 
with  two  frequencies  showed  a  linear  relation  between  the  effective  ground  conductivity  and  the  frequency.  On 
this  basis  all  conductivity  values  were  normalized  to  a  frequency  of  1  MHz.  The  average  ground-conductivity 
values  for  each  transmitter  were  associated  with  four  different  geographical  zones*  As  there  were  only  slight 
differences  among  the  average  values  In  three  neighbouring  zones  the  conductivity  daw  of  this  area  were  unified 
as  a  whole.  So  the  final  result  of  the  evaluations  was  a  ground-conductivity  map  with  oUy  two  areas  of  different 
ground  conductivity.  The  paper  presents  detailed  explanations  of  the  methods  applied  la  the  developplng  process 
of  the  conductivity  map  and  discusses  the  limits  of  these  methods  as  well  as  the  statistical  distribution  of  the 
results  obtained.  \ 


PREFACE 


0 


The  electrical  characteristics  of  the  surface  of  the  earth  play  an  Important  role  In  field-strength  prediction 
techniques,  especially  In  the  VLF-/LF-  and  MF-bands.  An  Internationally  agreed  field-strength  prediction  method 
for  the  frequency  range  between  10  kHz  and  30  MHz  Is  given  In  CCIR-Recommendatlon  368  III.  Its  application 
requires  data  of  the  ground  conductivity  a  and  the  relative  permittivity  g  r.  Such  values  are  given  In  Recom¬ 
mendation  327  for  different  types  of  the  toll,  however  as  explicitly  stated  In  CCIR  Report  229  lil  they  refer  to 
homogeneous  sub-surface  soil  structures.  For  their  application  In  CCtR-Recommendatlon  368  It  Is  suggested  In 
CCIR-Report  229  to  Introduce  the  concept  of  effective  perameters  whereby  the  Inhomogeneous  sub-surface  struc¬ 
tures  are  replaced  by  an  equivalent  homogeneous  structure.  In  many  cases,  however,  these  sub-surface  structures 
are  very  complex  or  even  unknown  and  It  1*  Impossible  to  evaluate  these  effective  parameters.  Methods  for 
estimating  effective  electrical  characteristics  of  the  surface  of  the  earth  are  given  In  CCIR-Report  879  III. 


Considering  the  lack  of  ground  conductivity  data  In  large  areas  of  the  world  the  CCIR  Study  Group  3  en- 
chsrged  Its  Interim  Working  Party  flWP)  5/1  by  CCIR  Decision  3  to  provide  conductivity  maps  for  use  In  a  world 
Atlas  of  ground  conductivity.  This  could  not  have  been  eccompllahed  without  help  of  the  member  administrations 
of  the  International  Telecommunication  Union  (ITU)  which  have  been  requested  by  Resolution  No.  73  of  the  CCIR 


to  supply  ground-conductivity  information  In 
form  of  suitable  maps.  IWP  3/1  of  the  CCIR 
nad  set  a  deadline  for  the  Incoming  Inform¬ 
ation  on  the  1st  of  AprU  In  1985. 

For  the  area  of  tha  Federal  Republic  of 
Germany  two  old  ground  conductivity  maps 
did  exist,  probably  produced  In  tha  3rd  da- 
cade  of  this  century.  In  spite  ol  slight 
differences  In  the  arm  ol  glvtn  ground- 
conductivity  values  they  seamed  to  be  de¬ 
rived  from  the  same  data.  It  was,  however, 
ImpottlWe  to  Identify  the  type  ol  data  from 
which  tha  maps  had  been  deduced  or  any 
authorahip  of  thaaa  maps.  For  these  rations 
tha  reliability  of  tha  map*  was  to  be  called 
Into  question. 


METHOO  OP  ESTIMATING  THE 
EFFECTIVE  GROUND  CONDUCTIVITY 


A  haw  approach  lor  mapping  the  ground 
conductivity  parameter  within  the  area  of 
the  F.R.  of  Germany  waa  nacasaary.  A  con- 
saquant  application  of  one  ol  the  methods 
described  In  tha  above  mentioned  CCIR  Re¬ 
port  179  would  have  required  e  large  amount 
of  measured  data  which  could  not  have  been 
obtained  In  the  short  time  aval  labia.  How- 
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related  to  the  MF-transmltter  of  MUnchen- 
Ismaning.  The  outer  field-strength  contours 
of  47  MF-transmltters  formed  the  base  to 
the  evaluation  of  average  grolind-eonductivlty 
values  for  1201  transmission  paths.  Fig.  2 
shows  the  distribution  of  MF-transmltters 
over  the  area  of  the  Federal  Republic  of 
Germany  In  1931. 

For  each  of  the  outer  field-strength  con¬ 
tours  propagation  paths  were  constructed  in 
azimuthal  steps  of  10  degrees  as  schematic¬ 
ally  demonstrated  In  Fig.  3.  The  field- 
strength  value  of  each  field-strength  contour 
In  question  was  normalized  In.  relation  to  an 
effectively  transmitted  power  of  1  kW  as¬ 
suming  the  antenna  efficiency  being  of  the. 
order  of  70  95. 

For  each  propagation  path  a  set  of  field- 
strength  values  being  a  function  of  the 
ground  conductivity  was  taken  from  CCIR- 
Recommendation  368-4  and  compared  with 
the  normalised  field-strength  value  of  the 
field-strength  contour.  By  this  means  and  the 
additional  application  of  a  linear  Inter¬ 
polation  procedure  the  most  appropriate 
value  of  the  ground  conductivity  for  the 
propagation  path  In  question  was  chosen.  The 
relative  permittivity  £  r  could  be  neglected 
because  it  Is  handled  In  CCIR-Recommend- 
atlon  368  as  a  function  of  the  ground  con¬ 
ductivity  d  .  Under  practical  aspects  this 
procedure  Is  correct  because  the  method  for 
finding  the  effective  ground  conductivity 
values  Is  In  fact  the  complete  Inversion  of 
the  field-strength  prediction  method  of 
CCIR-Reeommendatlon  368.  Physical  values 
of  ground-conductivity,  however,  cannot  be 
deduced  from  these  data. 

2.  FREQUENCY  DEPENDENCE  OP 

GROUND  CONDUCTIVITY  VALUES 

Following  the  request  of  CCIR-Resolutlon 
73  data  relative  to  the  MP  part  of  the 
spectrum  should  be  standardized  to  1  MHz. 
Therefore  comparisons  were  made  at  trans¬ 
mitter  sites  where  two  or  more  frequencies 
had  been  radiated.  The  lesults  turned  out 
that  In  fact  a  linear  relation  between  fre¬ 
quency  and  effective  ground  conductivity  did 
exist.  A  correction  process  taking  account  ol 
this  effect  was  applied  to  ail  ground  con¬ 
ductivity  data. 

J.  ASSOCIATION  OF  THE  EFFECTIVE 

GROUND  CONDUCTIVITY  VALUES 

TO  GEOGRAPHICAL  AREAS 

Being  aware  of  CCIR-Resolutlon  73  which 
states  that  the  data  to  be  submitted  should 
serve  In  frequency  planning  procedures  (or 
telecommunication  servlets,  It  was  necessary 
to  associate  the  effective  ground-conductivity 
values  found  for  the  various  propagation 
paths  to  geographical  areu.  For  the  tame 
reason  there  was  no  necessity  for  a  very 
detailed  mapping  of  the  data  and  it  seemed 
to  be  appropriate  to  average  all  ground 
conductivity  values  belonging  to  the  service 
area  of  the  stmt  transmitter.  These  average 
ground-conductivity  values  of  each  trans¬ 
mitter  were  associated  with  four  different 
geographical  zones.  As  there  were  only  slight 
differences  among  the  average  values  In  tlie 
three  zones  south  ol  33°  N  it  was  justified 
to  unity  the  conductivity  data  for  tnls  area 
as  a  whole  (see  Table  1).  For  this  case  the 
average  effective  ground  conductivity  was 
found  to  be  3.9  mS/m  with  a  standard  de¬ 
viation  of  14  mS/m  or  >1  34,  respectively. 


Fig.  2  -  Distribution  ol  MF-transmltters  In  1931 
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Fig.  >  -  Construction  of  propagation  path* 


Table  1-  ResUU  cd  ground-aasductlvlty  evaluttiana  for  various  geographical  zones 


These  data  are  based  on  29  transmitters  at 
20  different  transmitter  sites.  8»8  trans¬ 
mission  paths  having  a  total  length  of  71  23} 
km  were  taken  Into  account.  The  data  avail¬ 
able  from  some  low  power  transmitters  situ¬ 
ated  In  particularly  mountalneous  regions 
were  omitted  as  In  these  regions  the  ef¬ 
fective  ground-conductivity  was  found  to  be 
well  below  1  mS/m.  This  applies,  however, 
only  to  a  very  small  percentage  of  the  In¬ 
vestigated  area. 

North  of  }3°  N  the  average  effective 
ground  conductivity  was  evaluated  as 
9.1  mS/m  with  a  standard  deviation  of 
2.6  mS/m  or  29  96,  respectively.  Data  of  9 
transmitters  at  8  different  traiismltter  sites 
were  taken  Into  account.  The  number  of 
transmission  paths  was  220  having  a  total 
length  of  16  83}  km.  Por  practical  reasons  It 
was  desirable  to  round  the  above  mentioned 
average  values  of  effective  ground  con¬ 
ductivity  to  become  6  mS/m  or  9  mS/m,  re¬ 
spectively.  The  consequential  effects  on  the 
accuracy  of  field-strength  predictions  are 
very  small  and  In  fact  negligible. 

Fig.  *  shows  the  map  of  the  Federal 
Republic  of  Germany  with  the  two  areas  of 
different  ground  conductivity  as  It  was 
submitted  to  the  COIR. 

t.  CONCLUSIONS 

The  above  described  method  for  estimating 
the  effective  ground  conductivity  does  not 
claim  to  be  a  very  sophisticated  one.  It  1s  In 
fact  a  simplified  application  of  the  attenu¬ 
ation  method  given  In  section  8.2  of  CC1R 
Report  879  which  Is,  as  already  mentioned, 
the  complete  tnvirslon  of  the  field-strength 
prediction  method  of  CCIR-RecommendatTon 
368,  It  does,  however,  claim  tike  the  full 
attenuation  method  to  be  a  method  the  re¬ 
sults  of  which  are  totally  compatible  with 
the  field-strength  prediction  method  of  CCIR 
Recommendation  368.  Considering  that  pre¬ 
diction  method  to  be  a  purely  theoretically 
based  one  It  Is  obvious  that  Its  prediction 
accuracy  Is  Improved  If  the  Input  date  art 
obtained  by  Inversion  of  the  method  In 
question. 
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Fig.  9  -  Conductivity  map 


\ ™°Lh€r  advantage  of  the  method  4*that^It  take®  account  of  several:  probation  f actors  like  ground 
conductivity,  relative  permittivity,  topographical  end  morphographlcal  structure  ox  the  surface  of  the  earth,  sub- 
a^-rj^e  JtrUCtUr<>  81X1  Penetration  depth  of  the  radio  waves  in  the  single  parameter  of  effective  ground  con- 


The  final  Wullti  Jf  the  mapplng  process  for  the  area  of  the  Federal  Republic  of  Germany  with.  In , practice  only 
two  arepa^f^dlfferept etteqtlye, -ground  qprxiucttvifir  Is  not  only  due  to  the  chosen  kind  of  averaging  procedure 
but  also  due  to  the  .relatively  small  variations  of  the  more  detailed  Intermediate  results,  which  of  course  with 
,***??*  could  have  been  mapped.  It  was  the  feeling,  however,  that  this  would  have  complicated 
frequency  planning  procedures  without  gaining  Improvements  in  accuracy. 


It  , peems  wor,th  while  to  be  mentioned  that  the  propagation  curves  tn.CClR  Recommendation  368  are  arranged  In 
that  way,  that  for  each  given  value  of  ground  Conductivity  a  frequency  dependent  set  of  propagation  curves  'is 
given.  This  made  the  finding  of  the  proper  conductivity  value  for  each  propagation  path  from  tire  couple  of 
distance  and  field  strength  very  time  consuming.  Therefore,  It  had  been  proposed  to  CqiR  Study  Group  5,  to  re¬ 
arrange  the  propagation  curves  of  GCIR  Recommendation  368  In  that  way  that  conductivity  dependent  sets  of 
propagation  curves  are  drafted  s  for  given  frequency  values  in  steps  of  100  kHz.  CCIR  Study  Group  3  did  not  yet 
.^e  re5Pecl  *°  CCIR  Recommendation  368.  The  World  Atlas  of  ground  conductivity,  however, 

which  is  "to  be  published  in  the  near  future,  will  contain  on  arrangement  of  propagation  curves  as  proposed.  An 
example  Is  shown  In  Fig,  5.  By  that  the  estimation  of  the  effective  ground-conductivity  parameter  from  measured 
field-strength, values  will  be  essentially  facilitated. 
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Fig.  3  Crowd-wave  propagation  for  different  values  of  d  and  c. 
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DISCUSSION 


HAlssInga 

The  differences  in  the  conductivities  you  have  mentioned  seem  to  be  relatively  small,  from  about  6  m  the  lower  value 
and  9  as  the  higher  value.  Now  these  CCIR  curves,  I  think,  go  in  steps  of  1 0  or,  maybe,  3.  What  are  the  consequences 
for,  say,  the  predicted  field  strengths  if  you  have  such  small  differences  in  conductivity,  in  view  of  the  relatively  short 
distances  involved  in  these  MF  broadcast  bands? 

Author's  Reply 

If  you  have  small  differences  in  the  ground  conductivity,  the  consequence  is  a  simplification  of  field  strength  prediction 
in  frequency  planning  for  distance  ranges  of  the  ground  wave  from  about  1 00  km  to  500  km,  in  these  frequency  bands. 
And  this  was  the  intention  of  the  CCIR,  i.e.  to  provide  information  for  frequency  planning  purposes,  not  for  transmitter- 
site  selection.  It  is  a  very  complicated  matter  to  find  a  method  which  is  capable  to  present  precise  data  for 
transmitter-site  selection.  Also  the  wave-tilt  method,  which  is  a  point  measurement,  does  no  work  if  there  are  many 
changes  in  ground  conductivity,  along  the  entire  length  of  the  propagation  path.  If  you  have  a  good  star :  at  tho 
transmitter  site,  this  will  follow  the  propagation  the  whole  way  and  you  will  measure  wrong  data  at  a  special  point  where 
you  apply  the  wave-tilt  method. 
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SCATTERING  ADD  DEPOLARIZATION  BY  RANDOM  ROUGH  TERRAIN  AND 
VEGETATION  COVERED  TERRAIN-UNIFIED  FULL  WAVE  APPROACH 

Ezekiel  Bahar 


Department  of  Electrical  Engineering 
University  of  Kebraaka-Lincoln 
Lincoln,  HI  685BB-O511 


.  .I1  the  principal  elements  of  the  full  vave  approach  to  problems  of  scattering  and  depolar¬ 
ization  by  rough  “d  vegetation  covered  terrain  are  presented.  Scattering  by  random  rough  surfaces 

la  considered  In  detail  and  the  full  vave  solutions  are  compared  vith  earlier  solutions  based  on  geometric 
optics,  physical  optics  and  perturbation  theories.  It  la  shovn  that  since  the  full  vave  approach  accounts 
for  both  specular  point  scattering  as  veil  as  Bragg  scattering  In  a  self-consistent  manner.  It  resolves 
the  dlzcrepanciea  between  the  physical  optics  and  perturbation  solutions  and  bridges  the  wide  gap  between 
them.  Thus,  on  applying  the  full  vaye  approach  to  scattering  by  composite  random  rough  surfaces  it  Is  not 
necessary  to  adapt  a  two-scale  model  of  the  rough  surface.  ^ 

The  analytical  procedures  that  account  for  the  effects  of  vegetation  on  radio  vave  propagation  over  a 
terrestrial  path  are  also  presented.  They  are  based  on  the  full  vave  solutions  to  scattering  by  finitely 
conducting  irregularly  shapeu  objects  vith  rough  surfaces. 


The  full  wave  solutions  satisfy  duality,  reciprocity  and  realizability  relations  In  electromagnetic  ’ 
theory  and  the  results  are  invariant  to  coordinate  transformations.  The  full  wave  approach  also  accounts 
for  coupling  between  the  radiation  fields,  the  lateral  waves  and  the  surface  waves  that  constitute  the  com¬ 
plete  expansions  of  the  fields  and  it  can  be  applied  directly  to  problems  of  scattering  at  near  grazing  angles. 


1.  INTRODUCTION 


radio  vave  propagation  characteristics  can  be  derived  from  the  terrain  and  vegetation 
covered  terrain  like  and  crc  is  polarized  scattering  cross  sections  for  both  vertically  and  horizontally 
polarized  excitations.  Traditionally  physical  optics  and  perturbation  theories  have  been  used  to  derive  the 
like  and  cross  polarized  scattering  cross  sections  for  composite  random  rough  surfaces  (Beckmann  and 
Splzzlchlno  1963,  Rice  1951).  To  this  end  tvo-scale  models  have  been  adopted  and  the  rough  surfaces  are 
regarded  as  small  scale  surface  perturbations  that  are  superimposed  on  large  scale,  filtered  surfaces 
(Wright  1966,  Valenzuela  1968,  Barrick  and  Peake  1966).  Thus  the  scattering  cross  sections  are  expressed 
as  sums  of  two  cross  sections.  The  first  accounts  for  specular  point  scattering.  It  is  given  by  the 
physical  optica  cross  section  for  the  filtered  surface  consisting  of  the  large  scale  spectral  components. 

The  second  accounts  for  Bragg  scattering.  It  is  given  by  the  crow  section  for  the  surface  consisting  of 
the  small  scale  spectral  components  that  ride  on  the  filtered  surface. 
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On  applying  the  perturbed-physical  optics  approaches  it  is  necessary  to  specify  the  wavenumber  k^ 
where  spectral  splitting  is  assumed  to  occur  between  the  large  and  small  scale  spectral  components  of  the 
rough  surface.  Thus  Brown  (1976),  who  applied  a  combination  of  Burrows 1  perturbation  theory  (1967)  and 
physical  optics  (Beckmann  1968),  to  obtain  the  scattering  cross  sections  for  perfectly  conducting  random 
rough  surfaces,  specified  kd  on  the  basis  of  the  characteristics  of  the  small  scale  surface  (B=l4k§<h§>  -  0.1, 
where  kQ  is  the  electromagnetic  wavenumber  and  <h|>  in  the  mean  square  height  of  the  small  scale  surface). 
However,  using  the  approaches  of  Hagfors  (1966)  and  Tyler  (1976)  the  specification  of  k^  is  assumed  to  be 
based  on  the  characteristics  (radius  of  curvature)  of  the  large  scale  surface.  In  general  the  restrictions 
on  both  the  large  and  small  scale  surfaces  cannot  be  satisfied  simultaneously  and  using  the  perturbed- 
physical  optica  approaches  the  evaluation  of  the  scattering  cross  sections  critically  depend  on  the  speci¬ 
fication  of  k.  (Brown  1978). 

a 

More  recently  the  full  wave  approach  hae  been  used  to  determine  the  scattering  cross  sections  for 
composite  random  rough  surfaces  of  finite  conductivity  (Bahar  1981b,  Bahar  and  Barrick  1983).  8ince  the 
full  wave  solution*  account  for  Bragg  scattering  and  specular  point  scattering  in  a  self-consistent  Benner, 
it  la  not  necessary  to  decompose  the  surface  into  two  surfaces  vith  *iw»n  and  large  roughness  scales. 

However,  when  such  a  decomposition  la  implemented,  the  full  vave  solutions  for  the  scattering  cross  sections 
la  expressed  in  terms  of  a  weighted  sum  of  two  cross  sections  (Bahar  1981b,  Bahar  knd  Barrick  1983).  Thus 
on  adopting  a  two-acale  model,  the  full  waTe  solution  resolves  the  discrepancies  between  Valensuela's 
(1968)  solution  (mostly  based  on  physical  considerations)  and  Brown's  solution  (19T8).  Furthermore,  in 
an  attempt  to  draw  more  definite  conclusions  regarding  the  choice  of  k4,  it  was  varied  over  a  wide  range 
of  values  (Bahar  et  al  1983).  It  was  shown  thst  while,  as  expected,  the  Individual  cross  sections  associated 
with  the  large  and  small  scale  surfaces  critically  depend  upon  the  choice  of  k4,  the  weighted  sum  of  the 
like  polarized  cross  sections  remain  practically  insensitive  to  variations  in  k4  for  2.0  >  8  >  1.0.  Thus, 
provided  that  the  large  scale  surface  satisfies  the  radii  of  curvature  criteria  (associated  with  the 
Klrchhoff  approximations  for  the  surface  fields)  and  the  condition  for  deep  phase  modulation,  the  full 
wave  solutions  for  the  like  polarized  scattering  cross  sections  based  on  the  two-scale  model  are  practically 
independent  of  the  specified  value  of  k^. 

On  applying  the  full  vave  approach  to  evaluate  the  like  and  cross  polarized  scattering  cross  sections 
for  tvo-scale  models  of  composite  rough  surfaces,  several  assumptions  were  made  to  facilitate  the  computa¬ 
tions.  The  first  assumption  was  that  the  large  and  small  scale  surfaces  were  statistically  independent 
(Brown  1978).  It  would  seem  reasonable  to  make  such  an  assumption  if  the  two  surfaces  are  results  of 
Independent  proem  es.  For  the  general  case,  however,  one  cannot  assume  statistical  independence  of  the 
large  and  small  scnlc  surfaces. 

The  secoivl  simplifying  assumption  that  was  made  vns  that  the  mean  square  slope  o|  for  the  total 
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surface  vss  approximately . equal  to  the  mean  square  slope  o|g  for  the  filtered. large  scale  surface. 

The  third  assumption  was  that  the  mean  square  hoight  of  the  total  rough  surface  is  large  compared  to 
a  wavelength ,  and  the  surface  height  characteristic  function  for  the  total  surface  is  negligibly  small 
compared  to  unity. 

Finally,  the  physical  optics  approximation  for  the  cross  polarized  backscatter  cross  section  is  zero 
(Brown  1978).  As  a  result,  the  cross  polarized  backscatter  cross  section  for  the  filtered  surface  is  set 
equal  to  zero  when  the  two-scale  model  is  used.  However,  for  backscatter,  only  the  specular  points  on  the 
rough  surface  do  not  depolarize  the  incident  wave. 

A  unified  formulation  has  also  been  derived  for  the  like  and  cross  polarized  cross  sections  for  all 
angles  of  incidence.  These  solutions  are  compared  with  earlier  solutions  based  on  a  two-scale  model  of  the 
random  rough  surface  (Bahar  and  Fitzvater  198IJ ) .  Thus,  the  simplifying  assumptions,  that  are  common  to  all 
the  earlier  solutions  based  on  two-scale  models  of  the  rough  surface,  are  carefully  examined.  It  is  shown 
that  while  the  full  wave  solutions  for  the  like  polarized  scattering  cross  sections  based  on  the  two-ocale 
model  are  in  reasonable  agreement  (within  3  db)  with  the  unified  full  wave  solutions,  the  two  solutions 
for  the  cross  polarized  crosB  sections  differ  very  significantly  (about  15  db),. 

The  full  wave  approach  has  also  been  applied  recently  to  problems  of  scattering  and  depolarization 
by  arbitrarily  shaped  discrete  soatterers  of  finite  conductivity  characterized  by  their  rough  surface 
height  spectral  density  functions  (Bahar  sad  Fitzvater  1983,  Bahar  and  Ohakrabarti  1985).  The  co-polarized 
and  cross  polarized  diffuse  epeeifio  intensities  (related  to  the  8tokes  parameters)  scattered  by  a  layer 
of  randomly  distributed  arbitrarily  shaped  particles  are  shown  to  be  significantly  different  from  the  specific 
intensities  scattered  by  particles  with  smooth  surfaces  (Bahar  and  Fitzvater  1986a, b). 

,  Using  the  unified  full  wavs  approach  it  is  therefore  possible  to  analyze  more  realistic  models  of 
propagation  paths  over  the  earth's  surface  without  resorting  to  the  artificial  decomposition  of  the  irregular 
terrain  into  large  and  small  scale  surfaces.  Moreover,  at  microwave  frequencies  the  vegetation  that  covers 
the  terrain  can  be  represented  by  random  distributions  of  discrete  soatterers  of  arbitrary  shape  rather 
than  by  a  dielectric  .layor  with  an  "effective  complex  permittivity"  or  an  "effective  surface  impedance." 

Two  important  extensions  to  the  present  form  of  the  unified  full  wave  solutions  (Bahar  and  Fitz¬ 
vater  198b,  1985),  can  be  made.  The  present  form  of  the  solution  is  based  on  a  second  order  iteration  of 
the  rigorous  telegraphists1  equations  for  the  wave  amplitudes.  Higher  order  iterations  can  be  considered 
in  order  to  account  for  multiple  scattering  by  the  rough  surface.  In  addition,  contributions  to  the 
scattered  fields  from  the  non-iliuminated  or  non-viaible  portions  of  the  rough  surface  were  ignored.  The 
contributions  from  those  shadow  regions  (Morse  and  Feshbacb  1953)  can  also  be  taken  into  account  using 
the  full  wave  approach.  They  are  of  particular  significance  for  scattering  near  grazing  angles. 

2.  REVIEW  OF  THE  FULL  WAVE  APPROACH 

Rigorous  closed  form  solutions  for  the  refleotion  and  transmission  of  electromagnetic  waves  have 
been  derived  for  multilayered  dielectric  structures  of  uniform  thickness  (Wait  1962).  (See  Fig.  l). 

However,  in  a  large  variety  of  pertinent  radio  wave  propagation  problems  the  thicknesses  of  the  layers  are 
nonunifora  and  the  height  of  the  interface  betveen  tvo  adjacent  dielootrio  layers  is  a  random  functiou. 

(See  Fig.  2).  In  these  cases  the  incident  waves  are  depolarized  and  scattered  into  both  propagating  and 
avanasoent  waves.  Furthermore,  an  incident  radiation  field  may  be  ooupled  into  guided  aurfaoo  waves  and 
lataral  wavta  of  the  atruotur*. 

Ofton  the  problem  that  is  actually  solved  is  a  highly  idealised  vereion  of  the  original  problem  and 
oonaepta  such  as  "effective  dieleotrio  coefficient"  and  "effective  eurfaoe  impedance"  are  introduced  in 
order  to  make  the  solution  of  ths  original  problem  more  tractable.  However,  the  validity  of  such  approxi¬ 
mations  la  very  limited  and  often  questionable  and  thay  do  not  necessarily  satisfy  reciprocity  (Sohlak 
and  Wait  1967,  19685. 

Using  a  full  wove  approach  it  is  possible  to  analyze  more  realistic  models  of  the  original  physical 
structure  without  introducing  simplifying  approximations  that  cannot  be  justified  a  priori  (Bahar  1973c ,d). 

Ths  principal  proparties  of  the  full  wave  solution  and  its  relationships  to  earlier  solutions  of 
scattering  problem*  are  alio  summarised  hers  (Bahar  1981a).  This  summary  is  alto  presented  schematically 
in  Figs.  3  end  t.  Bis  reader  of  thle  manuscript  who  is  cot  familiar  with  the  full  wave  approach  will  find 
this  summary  useful  even  though  the  detalle  of  the  full  wave  method  havo  been  reported  earlier  (Bahar 
19T3a,b,o,d,  197t,  l$8la). 

A.  Principal  Elements  of. the  Full  Wave  Approach  (See  Fig.  3) 

(a)  The  electromagnetic  fields  art  expresstd  in  tense  of  complect  expansions  of  vertically  and 
horl soot ally  polarized  waves.  These  include  the  radiation  fields,  the  lataral  wavae  and  the  surface 
wave*  ( Bahar  1973c,d,  19T1*). 

(b)  Exact  boundary  conditions  art  imposed  at  the  irregular  surface. 

(c )  Using  the  orthogonal  properties  of  ths  oasis  functions  appearing  in  ths  couplets  sxpanslons  of 
the  fields.  Maxwell'*  equations  are  integrated  ovur  the  transverse  plane  !y,t)  (Bahar  19T3e, d,  19Th). 

Green'*  theorems  are  utsd  to  avoid  t«ra-by-t*rm  differentiation  of  ths  field  expansions. 

Id)  M*Jtv*n'»  equations  for  the  electromagnetic  fields  are  converted  into  coupled  first  order 
ordinary  differential  equations  for  the  forward  and  backward  travaling  wave  amplitude*  which  are  only 
functions  of  tbs  variable  x  (Bahar  lJTJc  ,d,  Ipylt) .  (in  view  of  the  integration  in  th*  transverse  plane 
tx,»)  the  telegraphists'  aquations  aka  only  function  of  x) .  The  coupled  equation*  for  th*  wave  amplitude* 
are  raf errad  to  the  generalised  telegraphists '  aquations  (Bahsr  1981a). 
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(e)  Closed  fora  second  order  iterative  solutions  for  the  radiation  fields  are  obtained  from  the 
telegraphists'  equations  on  neglecting  multiple  scattering  from  the  rough  surface.  These  second  order 
iterative  solutions  account  for  vave  Mattering  in  arbitrary  directions. 

(f)  A  variable  coordinate  system  that  conforms  with  the  local  features  of  the  irregular  boundary 

is  introduced  end  the  resulting  solutions  for  the  scattered  fields  are  shovn  to  be  invariant  to  coordinate 
transformations . 

(g)  The  full  vave  solutions  are  compared  with  earlier  geometric  optica, physical  optics  and  perturbation 
solutions.  On  adopting  a  tvo-scale  model  of  the  rough  surface  the  unified  full  vave  solution  is  decomposed 
into  a  veighted  sum  of  tvo  cross  sections. 

B.  Principal  Properties  of  the  Pull  Wave  Approach  (See  Pig.  U) 

(a)  The  full  vave  solutions  are  shovn  to  satisfy  the  reciprocity,  realizability  and  duality  relation¬ 
ships  in  electromagnetic  theory  and  they  are  invariant  to  coordinate  transformations. 

(h)  The  full  vave  approach  not  only  accounts  for  scattering  and  depolarization  of  the  radiation  fields 
but  also  accounts  for  coupling  betveen  tha  surface  vaves ,  the  lateral  vaves  and  the  radiation  fields . 

(o)  The  versatility  of  the  full  vave  approach  is  demonstrated  by  determining  its  relationship  to  earlier 
solutions.  Thus,  on  using  a  stationary  phase  approach  to  evaluate  tha  integrals  for  the  scattered  fieldc,  the 
full  vave  approach  is  ohown  to  reduos  to  the  geometric  optics  solutions  (Bahsr  1981a) . 

(d)  If  the  vector  n  normal  to  the  rough  surface  is  replaced  hy  its  value  at  the  specular  points  ns,  the 
full  vave  expressions  for  ths  scattered  fields  are  shovn  to  reduce  to  the  pnysical  optics  solutions.  Thus, 
the  physical  optics  approach  is  valid  only  if  the  contributions  to  the  scattered  fieldB  come  primarily  from 
the  neighborhood  of  specular  points  on  the  rough  surface. 

Ce)  In  a  survey  of  the  technical  literature  one  finds  several  different  forms  of  physical  optics 
solutions.  The  discrepancies  betveen  the  different  physical  optios  solutions  and  the  appearance  of  the  so- 
oalled  "edge  effect"  have  been  shovn  to  he  the  result  of  premature  truncation  of  the  closed  surface  integrals. 

Cf)  If  one  assumes  that  the  height  and  the  slopes  of  the  rough  surfaco  are  smell ,  it  is  shovn  that  the 
full  vave  solutions  reduce  to  the  perturbation  solutions. 

(g)  The  physical  optics  solutions  for  the  backscattored  fields  become  singular  for  near  grazing 
angles.  Thus  in  this  ease,  even  if  the  rough  surface  satisfies  the  radii  of  curvature  criteria  (associated 
vith  the  Kirchhoff  approximations  of  the  surface  fields),  the  phyaical  optios  solutions  cannot  be  used  and 
the  far  fields  cannot  be  represented  hy  plane  vaves  at  grazing  angles.  This  is  because  at  near  grazing 
angles,  the  principal  contributions  to  the  baokacattered  fields  do  not  oome  from  specular  points  of  tha 
rough  surface,  (in  this  ease  specular  pointB,  if  they  existed,  vould  be  on  vertical  portione  of  the  rough 
surface),  it  Is  shovn  that  the  full  vave  solutions  for  ths  baoXsoattered  fields  remain  valid  as  one 
approaches  grazing  angles  (Bahar  1982). 

(h)  The  till  vave  solutions  have  beon  compared  vith  the  hybrid  perturbed-physioal  optics  solutions 

(Bahar  and  BarrioX.  1983,  Bahar  ct  al,  1983)  based  on  a  tvo-scale  model  of  the  rough  surface.  It  is  shovn 
that  vhile  the  solutions  based  on  the  perturbed-physioal  optics  approach  critically  depend  upon  the  vave- 
number  kg  vhere  spectral  aplitting  is  assumed  to  oocur,  the  solutions  based  on  tho  full  vave  epproaoh  are 
relatively  insensitive  to  the  oboioe  of  kg  for  the  like  polarized  cast  (Brovn  1978).  Hovever,  for  the  cross 
polarized  aase,  the  results  based  on  the  tvo-seale  model  are  inoorrect  (particularly  for  baokscatter  for 
near  normal  incidence),  This  is  beaaute  the  physical  optios  contribution  to  baokscatter  from  the  large 
soale  surface  is  assumsd  to  be  zero.  , 

(i)  The  full  vave  approach  can  be  applied  to  problems  of  scattering  by  soettorors  of  irregular 
shape  vith  rough  surfaces  even  vhen  the  roughness  parameter  &»tx|<ba>  >  1  (Bahar  and  Fitzvater  1983,  u-H- 
and  Cbakrabartl  1985). 

3.‘  FORMUUTIOM  OF  THE  PRQBIJW 

For  the  convenience  of  the  reader  ths  principal  steps  in  ths  derivation  of  thg  full  vave  epproaoh  art 
summarized  in  this  section.  It  is  assumed  that  both  electric  and  magnetlo  sources  (j.p  and  fi.pj,)  are  present 
in  any  of  the  mtl  layers  of  ths  structure.  A  suppressed  exp(iwt)  time  dependence  le  assumed  in  this  work. 

The  ith  layer  of  the  structure  is  charsctsrized  by  ths  complex  electromagnetic  parameters  c<  and  p ,  and  tbs 
interface  betveen  medium  1  and  1*1  is  given  hy  the  surface  (See  Fig.  2). 


Kaxvell'e  equations  for  tha  transverse  components  of  the  electric  and  magnetic  fielda,  L,  and  IL 
respectively  are  (Bahar  1973c ,4).  “  t 

)L 

*  V  -  iarW(\  *  V +  **  *  \  *  T£jr  A* 

In  vbioh  the  oparator  7^  la  glvto  hy 

VT‘?yfe  +  Izlr 


and  tha  tranaveraa  vectors  are 


‘.*» .  'VI.' '  .  J'l vp.’ U  - '  ^ j  , . '  .  U-  V  *- 


'  V-tf.v-  ■■  y 
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exp[-iv°(y-hQ  J,  for  medium  0, 

jjjj-  exp(-iv“  h0tl)[exp(iv“y)+^  exp(-iv“y)],  for  medium  1, 


<“<»*>  -  C{T‘ho.i) 


%  4  Pq 

X  exp(1J2vq-i.qVi.q)t“p(lv^r>  +  "»  KCP(-iV/)]' 

for  medium  r» 2,3,  ...,*>, 


p<vod S± 

L  BpoJvvn 


V  u 

The  scalar  functions  for  vertically  and  horizontally  polarised  vavea  if)  (v,y)  and  <r(v,y),  are  given  by 
(19),  (20),  and  (21),  on  replacing  the  letter  P  in  all  the  expresaione  by  V  and  H  respectively.  The 
reflection  coefficient  at  the  i,i+l  interface  for  vavea  incident  from  above  is  R~,  and  Bpj  ia  the  reflection 
coefficient  at  the  i-1,  i  interface  for  vavea  incident  from  belov  (See  Pig.  1).  Thus,  for  P*V  or  H, 

/„P  *  RDH 

..  J  'ni+l.i  riel )  .  _  .  ,  _  , 


-5  M  n  -D  .  '"1+1.1  riel ) 

^  °*  "m  T—p  “EH 

U  *  Ri+l,iRPi+l) 


4  ’  °*  RH 


pP  ) 

Rl-l.i  BP1-1J 

*  SP  o™  1 
Ri-l,iRpi-l) 


are  the  tvo  medium  Fresnel  reflection  coefficient*  for  vertically  and  horizontally 


polarized  waves  respectively,  and 


41  m  •M-iSVjHj). 
*  RP1 


rpi  ■  B«  •*pUpv^i(i.1) 
’’w  “  RPi  Mp('12vlbi-l(i)' 


The  tranemiaaion  coefficients  ere 


5Pi  *  1  *  RPi 


TPi  *  1  +  RPi’  TPi  *  1  >  RPi  (85) 

and  are  normalisation  coefficients.  The  symbol  Zy  denotes  auanation  ovar  the  entire  vevenumber  spectrum 
v.  Tha  generalised  Pourier  tranefcra  conaiata  of  tvo  infinite  integrals  (oontinuoua  perta  of  the  vevenumber 
epectrum)  vhich  are  aasoaiatad  vith  the  radiation  and  the  laterel  vave  tersu  and  a  finite  aet  of  aurfaco 
wave  trrma  (discrete  part  of  the  vevenumber  apeotrua).  The  infinite  integrals  in  tbs  v  plane  are  associated 
vith  brenoh  out  integral*  I»(v0)  »  0  and  I»(vffl)  ■  0  in  the  complex  v  plane,  vhile  the  surface  vave  term* 
ere  eeacoiated  vith  the  residue*  of  the  pole*  at  1/JtiL  «  0(or  l/Si*  «  0).  The  model  equation  vhich  determine* 
tha  surface  vave  parameters  v°(Xm(v)  <  0),  ia  given  'ey  ™ 

1  ’  RPI  ^1  «*<-«*! V  ‘  vi  1  (kl  ’  ■  vS^>  vl^,i“yl-l'vi  (26) 

for  P  equals  V  or  U  and  i  «  1,2, 3,..., or  m  -  1. 

The  Irregular  interfaces  y  ■  hl  ^  art  asaumad  hart  to  ba  continuous  function*  of  a  only.  Thua,  the 
txaot  boundary  oondltiooa  at  y  «  hj  ^  a  h(»)  can  be  aaprettsd  tacluaively  in  terms  of  the  transverse 
field  components  ‘ 

fcv(V  V***ylt  ««>■  v 


[Kir Vt5* *V--%S|h-  •[“»>- 

Tbs  complete  field  expansions  era  substituted  into  Haxvell'a  aquations  for  tha  transverse  field 
components  and  uselsmtda  of  tha  orthogonality  reUtlonibip,  Ore  an 'a  theorem,  and  the  eaaot  bouda/y 
oonditioas,  to  obtain  tha  differential  aquation*  for  tha  field  transforms  f  and  x  .  These  may  be  aap 
la  terms  of  the  forward  and  baohvard  vave  aaplitudei  ap  and  b*\ 


raapsotlvsly,  as  follows i 


That#  may  be  expressed 


<f 
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£  »  aP  t  bP  and  /  -  aP  »  bp  ,  P  - 


upper  sign 
lover  sign 


(29) 


Thus  Maxwell' b  equations  are  converted  into  the  following  rigorous  set  of  generalised  telegraphists'  equations 
for  P«V  or  a  (Bahar  1973o,d) 


^-iuap. 


Q  v 


and 


.  +  iuiP  .  *Q)dv'  ♦  BP  . 


(30) 


(31) 


Explioit  closed  fora  expressions  for  the  reflection  and  the  transmission  scattering  coefficients  have  been 
derived  (Bsbor  1973d). 

Excitations  of  vertically  and  horizontally  polarized  waves  (with  respect  to  the  reference  (x,z)  plane) 
are  considered.  The  terms  Ap  and  B^  appearing  in  (30)  and  (31)  account  for  the  electric  and  magnetic 
sources  J,p  and  9,0. 

A  similar  set  of  generalized  telegraphists'  equations  can  also  he  derived  for  two  dimensionally  rough 
surfaces  h(x,t)  (Bahar  197k) .  They  can  he  solved  numerically  to  obtain  rigorous  aoluti  ns  that  account 
for  multiple  scattering  from  two  dimensionally  rough  surfaces.  However  If  multiple  scattering  from  the 
rough  surfaces  and  the  edge  effects  are  negligible,  then  through  a  judicious  choice  of  the  coordinate 
system,  it  is  sufficient  to  aaoum.,  tt  this  phase  of  the  analysis,  that  the  normal  to  an  element  of  the 
rough  surface  B  ia  in  the  x,y  plane.  This  procedure  is  followed  here  since  it  simplifies  the  intermediate 
steps  of  the  analysis  considerably.  The  introduction  later  of  a  coordinate  transformation  from  a  fixed 
reference  eystem  (See  Pig.  5)  to  a  local  coordinate  system  that  conforms  with  the  rough  surface  (See  Pig.  6) 
permits  the  application  of  these  results  to  elements  of  the  rough  surface  rtth  arbitrary  orientations 
(Bahar  1901a). 

P  P 

The  first-order  iterative  solutions  for  the  wave  aaplltudee  *-  and  b  are  obtained  by  neglecting  the 
transmission  and  reflection  eoattering  coefficients  in  (30)  and  (31).  Theoe  firat-ordor  solutions  are 
substituted  on  the  right  side  of  (30)  and  (31),  and  the  reeulting  equations  are  solved  to  obtain  the  second- 
order  iterative  solution  for  the  wave  amplitudes.  These  second-order  iterative  solutions  are  used  in  the 
complete  expansions  for  the  electromagnetic  fields  to  obtain  the  desired  Iterative  solutions  for  the 
scattered  radiation  fields  through  the  use  of  the  steepest  descent  method.  Thuo  the  first-order  solutions 
to  (30)  and  (31)  are  the  unperturbed  vertically  and  horizontally  polarized  fields  excited  by  the  vertical 
.electric  and  magnetic  dipolea  respectively.  The  second-order  Iterative  solutions  which  account  for  depolar¬ 
ization  and  eoattering  in  arbitrary  directions  are  suitable  when  multiple  scattering  oen  bo  Ignored. 

Since  the  full  wave  expressions  for  the  fields  (6),  (6)  are  valid  for  all  points  tu  space,  they  can  also 
b«  used  to  determine  the  surface  fiolde.  The  shove  iterative  procedure  can  be  extended  to  account  for 
multiple  scattering.  In  Section  h  the  specific  ceso  or  scattering  and  depolarization  hy  •  random  rough 
interface  between  two  tern,*  Infinite  media  is  considered. 

ti.  SCATITPIKO  BY  POUOlt  SURFACES— U3TP1ED  ADO  TW3-6CAUB  rOSMUUTXOE 

The  full  v*ve  solution  for  the  radiation  fields  scattered  by  two  dimensionally  rough  surfaces 
r(x.t)  «  y  -  hix.s)  •  0  (See  Fig  $)  is  expressed  as  follows  in  matrix  notation 

Gr  »  <J  f  t>(o,.5i)aap(iv*fIdA  0l  »  SO1 


(Ml 


"lv 


in  which  a 
v  i* 


1  and  af  are  unit  vector*  is  the  directions  of  the  incident  and  scattered  fields  and  the  vector 

v  «  (SP-nl)ko  «  *  vy£  *  tjtj  ( )J) 

it  the  free  spent  vevematber  of  the  electraaagastle  wave,  fi*  integration  la  ever 


vhere  •  uwX  it  the  free  spent  vevettunber  of  the  electraaagastle  wave, 
the  illuminated  tad  visible  porticos  of  the  rough  surfaes  and 

Lx 

|  4A  •  J  4xdt/a*iy  •  ky.  j*dA  •  j*dA 


V 


where  S  If  the  unit  vector  normal  to  the  surfaes  r(x,i)  •  4 1 
5  •  Vr/)Vf| 


-NV.V-Vt. 


U«hJ  ♦  K 


l  h„ 


$ 


.  (»> 


and  f  U  tbs  position  vector  to  a  point  oa  tbs  rough  surface.  The  elements  of ,x 
the  incident  vertically  and  horltontaUy  polarised  coaplsx  wave  amplitudes  0VI  and  5*'  at  t!;s  origin  with 
a‘x  L  defined  as  the  vector  soimal  to  lbs  plans  of  locldsttcs.  Similarly  3f  la  ijil  =o3ira>  aatru.vhoee 
•laments  are  the  vertically  and  borltcauily  polarltel  complex  Vevs  amplitudes  0“<  *sS  G**  (with  « 
defined  as  the  vector  normal  to  the  scatter  plans)  at  the  pout  glvsaby  the  pwsltler  vector  (See  FI*.  5) 


fr  •  afiy  ♦  yra 


V  * '% 


■i 

;  4  - 
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where  ■  *1j^e0  is  the  free  epece  wave  Impedance,  The  coefficient  Gq  is  give,:  by 

B  *  k*-  uxp(-lk  rf]/2  irik  rf 
O  o  *  o  o 

and  a  suppressed  exp(^wt|  time  dependence  1b  assorted  in  thiB  work.  Tkie  like  and  croas  polarized  local 
scattering  matrix  D(n,n  ) 


D(nf,ni) 


(-n^njT*  V  T1 


ie  derived  as  follows:  (a)  The  2x2  matrix  T*(nn,n*)  is  used  to  transform  the  Incident  vertically  and_ 
horizontally  polarised  wave  from  its  representation  in  the  fixed  reference  coordinate  system  (a^.a^a^)  to 
its  representation  with  respect  to  the  ~.ocal  coordinate  system  (ni,f*2  ■  n.nj)  (the  unit  vector 
ii^n  is  the  representation  of  the  vector  n  in  the  local  coordinate  system  (See  Fig.  6))t  (b)  The  2x2 

local  scattering  matrix  (-Hl*n)*F(nfn¥Hin)dA  is  used  to  account  for  like  and  croee  polarised  scattering  by 
on  element  dA  of  the  rough  surface  (n”n  ie  the  representation  of  the  vector  nr  in  the  local  coordinate 
system).  The  elements  of  the  scattering  matrix  »(Bfn,nln)  are  obtained  from  the  second-order  iterative 
solution  of  the  generalized  telegraphists'  equations  (30)  and  (31).  Finally,  (c)  The  2x2  matrix  T  (n  ,H  ) 
is  used  to  transform  the  scattered  vertically  and  horizontally  polarized  wave  from  its  representation  in 
the  local  coordinate  system  to  its  representation  in  the  reference  coordinate  system.  The  full  wave  solutions 
(32)  era  invariant  to  coordinate  ^eu  sformatione  and  they  satisfy  the  duality  and  reciprocity  relationrhips 
in  electromagnetic  theory.  In  (32'  I'-  should  be  r*.  ailed  that  multiple  scattering  by  the  rough  surface  la 
neglected.  Explicit  expressions  for  the  local  scattering  matrix  Dffi’.n1)  (39)  are  found  in  the  published 
literature  (Bahar  198la).  - . —  - - 

The  full  wave  solution  for  the  scattered  field  can  be  applied  to  random  rough  surfaces  (Bahar  19®lh). 
Thus  the  scattering  orosa  aections  per  unit  projected  area  Ay  for  an  incident  wave  with  polarization  Q*V  or 
H  and  scattered  wave  with  polarization  P-V  or  H  ora  given  by 


<•*>-<3  5-^iS-i.  P  (iif ,n  jri.n'  )exp(iv‘(r-r* ) )  SWLJXS+  (to) 

In  which  the  aymbol  <•>  denotea  the  aoatlatlcnl  average  over  the  helghta  h,l)'  and  the  elopes  n,n'.  The 
evaluation  of  the  acattarlng  croaa  section  la  considerably  simplified  If  the  probability  density  functions 
for  the  random  alopea  n,n'  and  random  helghta  h,h*  are  aaeumed  to  be  independent,  i.e.,  p( n ,n 1 ,h , h 1 ) 

-  p(n,n' )p(h,h' ) .  I>.  addition.  If  it  la  assumed  that  the  slopes  are  more  strongly  correlated  than  the 
helghta;  p(n,n')  ■*  p(n)«(n'-n) .  In  this  work,  it  la  also  assumed  for  simplicity  that  the  rough  surface  Is 
assumed  to  be  Isotropic  (Independent  of  direction)  and  its  characteristics  are  independet  of  position  (r). 
Thus  the  rough  surface  height  characteristic  function 

x(vyh)  «  <exp(lvyh  >  *  /  exp(lvyh)p(h)dh  (kl) 

la  Independent  of  position  while  the  rough  surface  height  Joint  characteristic, function 
X2(vyh-vyh')  -  <exp[lvjr(h-h'))> 

*  /  exp[  iv^th-h' )  ]p(b,,i'  )dhdh'  t1*-) 

la  only  a  function  of  distance  t  measured  In  the  (x,z)  reference  plane 

?d  •  (x-x'Ju^  ♦  (t-l')at  .  |ra|  •  T  *  [(x-X1)2  ♦  ( *  ) 2  ]  ^ 


In  (1.0)  P  (nf,ii1|n)  la  the  probability  that  points  r  and  ? 1  on  the  rough  surface  are  both  illuminated 
(n1)  and  visible  (nf)  given  the  value  jf  the  slopae  (n  and  n')  at  these  points  (Bahar  and  Barrick  1983). 

It  la  related  to  the  probability  ?2  OS* ,H4 In)  derived  by  Sancer  (1968). 

Since  the  full  wave  solution  (1.0)  accounts  for  both  specular  point  (physical  optica)  scattering  ae 
well  as  diffuse  ecatterlng  in  a  aelf-conaiatent  manner  there  la  no  need  to  adopt  an  artificial  two-acale 
model.  Hovever,  when  the  two-acale  model  la  adopted  in  order  to  compare  the  full  wave  solutions  with  earlier 
results.  It  la  assumed  that  the  surface  ht(x,s)  consisting  of  the  large  scale  components  of  the  surface 
height  spectral  density  function  Wtv^Vj)  la  statistically  independent  of  the  aurface  h^lx.O  conalatlng 
of  the  small  scale  comyonentr  of  the  surface  height  spectral  density  function.  This  assumption  In  addition 
to  the  ai.’umptlone  that  the  height  and  slope  probability  densities  are  statistically  Independent  and  that 
multiple  scattering  la  negllglbla  are  mode  for  all  the  earlier  rough  surface  ecatterlng  solutions  based 
on  the  two-scale  models  (Wright  1968,  Valenzuela  1963,  Barrick  and  Peake  1968,  Brown  1978).  The  aurface 
height  spectral  density  runctlon  la  the  two  dimensional  Courier  transform  of  the  rough  surface  height 
autocorrelation  function  v hh ' > .  Thus 
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I  <hh'>exp(iv*r )dx,dz. 
Itir2  '  ddd 


"  2? 

0 


(44a) 


whore  JQ  is  the  Bessel  function  of  order  zero  and  the  spatial  wavenumber  k  is 


r  2 ,  2 
v  +v 
xz  V  x  z 

in  which  use  has  been  made  of  the  fact  that  <hh’>  is  only  a  function  of  t.  Similarly, 


k  «*  vviy  =  vv+vw 


(44b) 


<hh’>  ■ 


W(v  ,v  ) 

X*  * 


■  exp(-iv«r^)dv^dv2 


=  2ir 


J  (kf)kdk  =  R(x)<h  > 
o 


(U5) 


in  which  |R(t)|  <  3  is  the  normalized  correlation  coefficient  and  <h  >  is  the  mean  square  height 


<h  >  «  <hh*> 


2tf 


jiixl 


kdk 


(46) 


Thus  using  the  two-scale  model,  it  is  r3sumed  that  the  large  scale  surface  h«  is  associated  with  the 
surface  height  spectral  density  function  W(k)U(k,-k)  and  the  small  scale  surface  hfl  is  associated  with  the 
surface  height  spectral  density  function  W(k)u(k-k^)  in  which  U(*)  is  the  unit  step  function  and  k<j  is  some 
arbitrary  value  of  k  where  spectral  splitting  is  assumed  to  occur  (Brown  1978).  Brown  chooses  k<i  such  that 
the  parameter 

8  «  ltk2<h2>  =  0.1  (**7> 

0  8 

satisfies  the  perturbation  condition  for  the  small  scale  surface.  However,  he  shows  that  the  computed 
value  of  the  scattering  cross  sections  critically  depends  on  the  choice  of  B  and  therefore  the  specified 
value  of  k, .  Bahar  and  Barrick  (1983)  considered  the  two-scale  model  using  the  full  wave  approach.  It  is 
shown  that  “if  k  is  chosen  such  that  deep  phase  modulation  occurs  it  is  necessary  to  choose  B  >  O.i. 

For  a  -ange  tt  values  of  k4  corresponding  to  B  between  0.5  and  2  it  is  shown  (Bahar  et  al.  1983)  that  the 
valjes  of  the  scattering  cross  sections  do  not  significantly  depend  on  kj. 

For  problems  of  scattering  by  random  rough  surfaces  the  dimensions  of  tae  projected  area  Ay»  *thx  Lz 
are  such  that  I,  »  to  and  Lz  »  r0  (where  R(tc)  «  exp(-l)  and  xc  is  the  correlation  length).  For 
distances  T  »  ;  Xg  -v  |xj2  since  <hh'>  *  <h2>.  Thus  assumics  statistical  independence  between  the 

h.  ,hj  »  p(h« 


surface  h.  and  ha  (p(hj,,: 


the  total  surface  are  expressed  as 


hjjjpthj,))  the  characteristic  and  the  Joint  characteristic  functions  of 


X  X  i  X 


=  x8(v-n),  x  7  X*<v ),  Xg  s  Xg(»*h>.  Xg  5  Xg(vy) 


<x*-lx*l2>lx8l2 


(Xg  -lx8|")Xg  +  lx"  x 


i  „0|2 


(Wa) 

(liflb) 


in  which  the  superscripts  i  and  s  denote  quantities  associated  with  the  large  and  small  scale  surfaces, 
respectively.  Using  the  two-scale  model,  it  is  also  uosumed  that  the  slopes  for  the  small  scale  (perturba¬ 
tion)  surface  are  pmall  such  that  slope  probability  density  function  for  the  total  surfaoe  ie  equal  to  the 

'  "  ■  y  -  ha ) .  Thus 
respectively , 


slope  probability  funotion  for  the  large  scale  surface  p(n)  «  ■  Vf-/(Vf)  and  ■  y  -  «*£/■ 

the  unified  (U)  and  two-scale  (T)  expressions  for  the  scattering  cross  sections  (4q)  are  reap 


where 


<0PQ>y  «  jAP'3(nf,nl,n)p(n)dn[Q(hf,ni)+  ji|vyx|oxp(iv)(x+ivlt)dxds |2) 
Q(nf.ni)  ■  v2  |(x2-|xl2)«*P(iF,rii)<ix44B4 


AP®(nf,ni,i>)  *  f 


k 

_o _ 

v  #•»' 


and 


p(n)dn  •  p(hx,hs)dhxdha 


( *»9u  > 

(l*9b) 

(89c) 

(l>9<i) 


«  |x,|2Ap<5(5f.51,5B)((Jt(5r,51)  ♦  j-!vyxt«*p(tvxx*lvlis)<Ud*|2) 

y 

♦  /  Ap^(iif  ,5*^)5'^  Qa<af .51, ,S/t>{n)<iS 
S  |x8 12  <oP9>.  + 


(50.) 
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Qi(Sf,ni)  =  Vyj(Xg-l):i|2)9*p(iv‘?d)diddzd 

J)j{nf,51,5)  «  ^|(x^-jx8|2)»xp(iT'?ltd)aJtld  dzi, 


Is  (b9b),  (50b)  and  5Qc)  the  integration  limits  are  since  L  ,L  »  t  and  A2®(nf,n^,n)  is  defined 

in  (1.9c).  *  Z  ° 

To  derive  tbe  first  term  in  (50a),  the  elope  dependent  function  A^fnjn^.n)  ie  replaced  by  its  value 
at  the  specular  point  vhere 

n  •»  n  «  v/v,  v  ■  Ivl  »  v»n  (51) 

e  11  s 

Tor  surface  height  probability  density  functions  that  are  Qaussian 

lx*!2  "  exp(-v2<hj[>)  (52) 

Xg  »  exp(-v2<h2>  +  v2<h,,b£>)  -  ®*p(v2<h^hj>) |x^|2  (53) 

Thus  for  v2<h2>»lit  can  be  shovn  that  the  tvo  dimensional  Fourier  transform  (50b)  is  given 

Qi(nf,n1)  •  bit2  p(ng)  (5b) 

in  which  p(n_)  is  the  slope  probability  density  function  at  the  stationary  phase  points  (Bahar  1931c) 


fv2  1 

p(n  )  -  p(h  ,h  )  -  exp  - . »  ~K 

*  *  1  2<  2o2  v2  2wo2 

n  u  a  y-  n 


in  vhich  the  value  of  the  slope  at  the  specular  point  is 

(h2  +  h2)_  »  tan2)1  »  v2  /v2  ,  n  *a  * 
x  *  B.  s  xz'  y  *  s  y 

2  *  2 
and  the  mean  aquaie  slope  o  is  half  the  total  mean  square  slope  ont 


°n*5-(  Wk)k3  dk  -  <4/2 


Thus  the  first  term  in  (50a)  is  given  by 


|x°J2  <0*%^  *  lx9 if  AP<1(aftni>n8)[bii2p(nj)  ♦  Ay|vyx1|2slnc2(v:(Lx)slnc2(vsI,];)) 


point)  contribution  due  to  the  small  scale  surface. 

To  derive  the  second  term  in  (50),  it  is  assumed  that  over  s  correlation  length  or  the  small  scale 
surface,  the  large  erode  surface  is  approximately  rlat  and  that  the  small  seals  (perturbed)  surfsoo 
height  is  measured  normal  to  the  large  scale  surface.  Thus, 

»•(?-?*!  «  v'tf^rp  ♦  v‘(h-h,)Sj«  v*ii(h-h')  (5 

In  vhich  the  distance  ie  measured  along  the  Urge  scale  surface  in  the  local  coordinate  system 
(\,&3  -  B.fij)  “ 


?id  *  *idSl  *  “id5!-  *  ''t  *  <4l  ' 


Thus  in  the  expression  for  the  Integration  is  vith  rvtpect  to  -Jlateuces  measured  along  the  large 

scale  surface  and  not  the  reference  surface.  This  t«  in  agreement  vith  the  expressions  obtained 
Intuitively  by  Wright  and  Valensuela  "mostly  wwua  on  physical  eoBaidaratioor*  (Wright  1968,  ValeosueU 
1968).  thus  can  be  regarded  as  an  average  of  the  reattered  povar  from  patches  of  slightly  rough 

surfaces  that  rid*  ths  Urge  scale  jurfece.  hrewi’s  (1PT8)  solutions  which  are  based  on  a  combi nation 
of  Burrows’  perturbation  theory  (Burrows  196?)  and  physical  optics  (Ssckmami  1963)  we  In  agreeaent 
with  the  full  vava  expressions  for  «r'*>  only  in  th»  limit  of  very  small  slopes  sites  in  his  vorb  h#  is 
measured  ocmal  to  the  reference  plant.  However,  in  burrows'  perturbetion  theory  (upon  which  brown's 
solution  is  based)  the  smell  scale  surface  height  b(  is  measured  normal  to  the  large  scale  surfers  h£ 

The  tvo  dime ce local  Fourier  transform  (69b)  can  be  expressed  as 


q(uf,nl)  a  fev2  |  ( >b,( *y H x< »y > 1 2 )JQt yfdt 
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since  the  surface  height  correlation  function  <hh'>  is  only  a  function  of  t  «  fj  ■  l^gi*  *'ne  corresponding 
expression  for  the  Fourier  transform  (50c)  is  dependent  on  the  slope.  Thus 


«0 

Qg(nf,Si,n)  -  £irvy  |  (x|(v*n)-|xS(v*n)  ^^(v^t^hjdT^ 

(61) 

in  which 

0 

Y-?id  °  Y*(xjtdSl  +  ZLdh}  "  Txi  xid  +  Yai  Z1A 

(62a) 

7,5  S  vy l  ’  \zt  "  l\i  +  4^ 

and  v^,  and  vy^  aro  the  components  of  v  in  the  local  coordinate  system  (n^.Sg  »  5,5,) . 

scattering  cross  sections  can  fee  expressed  as  follows  for  the  unified  and  two-scale  models 

(62b) 

Thus  the 

<a^>u  *  |AF®(nf ,ni,n)p(n)d5[Q(5f ,ni)+Ay|vyx|2sinc2(vxi.x)8inc2(vzLa)) 

(63) 

and 


*  Jx*|f  AP<5(nf.ni,niJ)[Q1(nf,n1)+Ay|vyxJ'|asino2(v3(Lx)oinc2(viLz)] 

n8 

,ni*a)5*S  Q  i  (nfvn*,n)p(n)dn  (6M 

V  B 

To  facilitate  the  conroutationo  in  (6b)  in  which  QB  is  a  function  of  5,  for  a  given  v  and  R(x)»  a  set  of 
values  of  Q  /v~  are  first  computed  and  stored  as  a  function  of 


a  y 


•n  *>  ( -vx^x+  vy~  vzhz)/(l  + 


(65) 


The  integration  with  respect  to  dn  •  dhxdh2  is  performed  using  values  of  Q*  interpolated  from  the 
stored  set.  For  Gaussian  surface  height  probability  density  functions  (52)  and  (53) 


Qi(5f,Ei,5)-2tv2  /  exp(-vai<h2>)(ei£p(vail<h2>R(TJ,)]-l]Jo(vjUT1)T1dTt 
■  vy  f(5f,i51.v*5)^1ir2  V2  v2t|x8(5*S)|aW(v)[i]t) 


(66) 


Thus  for  n  *  ay  and  6  «  1  the  laat  term  in  (64)  <oP2>J  reduces  to  the  perturbation  aolution  (Bahar  19fllc) 

<aP*>I  *  <0*®>p  ■  »'‘gr2|x°(vy)(-nl*n)F(nf,ni)|  W(VXI> 


(67) 


e  0  and 
coherent 


Note Jjha^  (64)  reduces  to  (63)  If  vs  set  <h£>  *  C  and  (63)  reduces  to  (64)  If  v«  set  <li  >*Q 
replace  A  -(n* ,n* ,5)  hy  A™(n  ,ii  ,n,).  The  tern  containing  the  product  of  the  nine  functions  la  col 
scattered  field.  This  tern  vantahee  as  |x(vy)|2  *  0. 

For  oases  in  which  ths  phyoiaal  optic*  solutions  are  valid  the  corresponding  gsometr  sal  optics 
expressions  for  </h(  are  obtained  fey  replacing  n  fey  n,  in  (32)  and  Integrating  ovsr  the  area  Ajv  (using 
ths  stationary  phase  mothod)  before  the  expectations  <>’  are  evaluated.  Thus  in  the  neighborhood  of  a 
stationary  phas*  point  F  »  f0f,  where  vx  *  v  hx  and  ♦  vyh}  ■  0  (Barriok  1970,  Bahar  1931b)  it  con  fee 


shown  that 


lY*n 


/•*pU 5*r]  §~^  •  !  e»pU0«fo^]e*p(— 


_ _ da 

P  P  P 


sxptiv*?  !  (2*i) 


V'n 


FT~ir 


,  v*n(  *  240(-5l*na) 


(68) 


"s  '  xxp  tep 

in  vhieh  the  integral  tine  been  expressed  in  teres  of  the  local  coordinate  ...  the  stationary  phase  point 


(*  ,y.(,*  )  aeeoelated 
are  chosen  such  that 


along  the  n  and 

positive'  _  _ _ 

bxj/  or  h  are  negative,  they  are  expressed  as  ■  i*?~ asd  ir'r^.  Thua  the  geoaetrio  optics 

contribution  to  the  uoreallaeJ  cross  sect ion  fro*  I  randaoly  located  specular  points  per  unit  surface 
a-fa  W 

(o^Jop  «  tr^r^sjlT^F 


(69) 


in  which 


r(5,,51)8x  * 


hKj  5  ' 

1  V«!p>j 


(70) 


■  r  ipYy  i  -— 
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and  Ry(8op)  and  RH^®op)  “^e  the  Fresnel  reflection  coefficients  at  the  specular  points  where  the  local 
angles  of  incidence  and  scatter  are  —n  •n  *  nf,n  “  eosG*  .  Note  however,  that  the  surface  will  depolarise 
the  incident  wave  if  the  triple  products  in  n*  a^J  and  (ft  n^  a  )  do  not  vanish.  (When  (n  n^  a  )  and 
(n  n  a^)  vanish  T  and  become  identity  matrices).  ^ 

The  expectation  of  (r^r^H)  in  -61*)  (Barrick  1972,  Barrick  and  Bahar  1981)  is 


thus 


<rxprzp®>  ■  p(5(f>/(5s-Sy)  .  5S-Jy  -  vy/(;-5s) 


-!,  p(58)|[TfrT1]^|‘;pg(Hr.n1|nB) 


(71) 


(72) 


3  y 


in  agreement  vith  Thus  for  backscatter  geometric  optics  theory  predicts  no  depolarization  and  for 

the  like  polarized  case1 


<dPP (nf«  -n1 ) >m  *  — 2 — j_  p(58)p2(-H1,n1|n8)  Rp(0o»O) 

*  y 


(73) 


5.  EFFECTS  OF  VEGETATION  ON  THE  SCATTERING  CR08S  SECTIONS 


The  full  wave  approach  has  been  applied  to  problems  of  scattering  by  arbitrarily  shaped  rough  con- 
ducting  flakes  that  scatter  both  specularly  and  diffusely  (Bahar  and  Fitzwater  1983,  Bahar  and 
Chakrebarti  1985).  Thus,  rather  than  model  the  vegetation  by -a  dielectric  layer  with  an  "effective 
surface  Impedance11  the  large  leaves  can  be  modeled  more  realistically  as  random  distributions  of 
arbitrarily  oriented  scattering  facets  that  are  characterized  by  their  complex  permittivity  and  their 
surface  height  spectral  density  functions. 

For  terrain  that  Is  covered  by  vegetation,  the  cross  sections  are  evaluated  in  five  steps. 

Step  One;  The  scattering  cross  sections  <oP<^(nf ,ni )>^  for  individual  scatterers  (such  as  leaves  and  stems) 
are  determined.  These  scatterers  cannot  be  adequately  characterized  as  objects  of  idealized  shape  such  as 
disks  or  cylinders.  They  are  characterized  by  their  complex  permittivity  and  their  surface  height  auto¬ 
correlation  functions  and  the  probability  density  functions  of  the  surface  height  and  slopes.  The  full  wave 
approach  is  used  here  to  account  for  both  specular  and  diffuse  scattering  from  the  individual  scatterers 
(Bahar  and  Fitzwater,  1983). 

Step  Two:  Appropriate  transformations  are  employed  to  obtain  the  corresponding  cross  sections 
<0^(n^7n*|no)>j  for  the  Individual  scatterers  vith  arbitrary  orientation  nQ  in  a  fixed  reference 
coordinate  system  (Bahar  and  Fitzwater,  1983). 

Step  Three:  Using  the  statistical  data  on  the  orientational  distribution,  p(nQ),  of  the  individual 
scatterers,  the  average  scattering  cross  sections  for  an  ensemble  of  randomly  oriented  scatterers 
<a*^(n^,n  )>  are  derived,  (information  on  orientational  distribution  of  leases  for  instance  is  collected 
in  studies  related  to  photosynthesis.) 

Step  Four:  To  account  for  shadowing  by  the  individual  scatterers,  the  results  obtained  in  step  three  are 
modified  by  a  factor  referred  to  as  the  "sunlit  leaf  area."  It  is  defined  as  the  (radar)  illuminated  area 
of  individual  scatterer  per  unit  area  of  ground.  The  "sunlit  leaf  area"  la  also  used  in  studies  of 
photosynthesis . 

Step  Five:  If  the  vegetation  covers  a  flat  surface  and  the  vegetation  canopy  can  be  regarded  as  horizontal, 
steps  one  through  four  vill  suffice  for  the  evaluation  of  the  scattering  cross  sections.  However,  for 
rough  terrain,  the  undulating  nature  of  the  canopy  must  be  taken  into  account  especially  for  targets 
near  grazing  incidence.  To  this  end.  It  is  necessary  to  determine  the  "fractional  illuminated  area  of  the 
canopy."  It  is  defined  as  the  (radar)  illuminated  area  of  the  canopy  per  unit  area  of  the  ground.  Thia 
quantity  can  be  determined  from  the  slope  probability  density  function  of  the  terrain  p(n^) 

When  the  attenuation  of  the  incident  wave  by  the  vegetation  layer  Is  not  large  and  the  Intensity 
of  the  wave  incident  upon  the  ground  la  not  negligible,  scattering  by  the  vegetation  as  well  as  by  the 
rough  terrain  must  be  taken  into  account.  Thus,  it  Is  necessary  to  evaluate  the  extinction  cross  sections 
of  the  scatterers  in  order  to  determine  the  reduced  intensities  Impacting  upon  the  earth's  surface. 

Since  the  random  terrain  and  vegetation  characteristics  are  uncorrelated  scattering  by  the  rough 
terrain  and  the  foliage  can  be  treated  separately. 

6.  CONCLUDING  REMARKS 

The  solutions  for  the  backscatter  like  and  cross  polarized  cross  sections  based  on  the  unified  full 
wave  solutions  has  been  compared  vith  geometric  optics,  physical  optics  and  perturbation  solutions  and 
the  solutions  based  on  the  two-scale  model.  For  the  two-scale  model  the  wavenumber  k*  where  spectral 
splitting  is  assumed  to  occur  is  chosen  such  that  6  ■  (Baha**  et  al.  1983; .  It  la  also  assumed 

that  the  two  surfaces  h^  and  b  are  statistically  independent,  and  the  elope  of  the  small  scale  surface 
was  neglected  (u  ~  ng).  Except  for  near  grazing  angles  the  two  solutions  for  the  like  polarized  cross 
sections  are  in  good  agreement.  For  the  cross  polarized  case,  the  difference  between  the  two  solutions  is 
oc.it  significant  near  normal  incidence.  The  large  discrepancy  near  normal  Incidence  Is  due  to  the  fact 
that  elements  of  the  rough  surface  that  are  oriented  specularly  do  not  depolarize  the-backscattered  wave. 

The  depolarization  cooes  from  the  neighborhood  of  these  specular  points  and  even  the  filtered  large  scale 
surface  depolarizes  the  incident  waves  (Bahar  and  Fitzwater  I9QU).  However,  the  physical  optics  contribution 
to  cross  polarization  is  zero. 


The  discrepancy  between  the  full  wave  and  physical  optics  solutions  near  erasing  angles  Is  due  to  the 
fact  that  for  0  ir/2,  there  are  practically  no  specular  poluta  on  the  surface  and  again  the  physical 

optics  approximations  are  Invalid. 

The  analytical  procedures  that  account  for  the  effects  of  vegetation  on  radio  wave  propagation  over 
a  terrestrial  path  are  given  in  Section  5»  It  la  based  on  the  full  wave  solutions  to  scattering  by 
finitely  conducting  irregularly  shaped  objects  with  rough  surfaces. 
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Pig.  2.  Electric  and  magnetic  eouroee  dletrib- 
buted  in  the  layers  of  a  nonunifora  multi¬ 
layered  structure. 


Pig.  S,  Prlohlpel  element*  of  the  MU  wave  approach 
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Over  what  frequency  range  would  a  hybrid  solution  normally  be  applied?  Where  (frequency  range)  does  any  optical 
approach  become  significant?  (neglecting  X  “  polarization  boundary  condition). 

Author’s  Reply 

p  6  fPP^r  d°  n,ot,nMd  the  hybrid  approach;  we  did  it  artificially,  just  to  compare  with  earlier 
^  sca^e  ““if8  ^  a  lot  of  Problems  with  it  because  you  had  to  select  the  spatial  spectral 

po  t  at  which  you  were  going  to  split  There  was  a  lot  of  discussion  and  disagreement  of  how  you  decompose  it  What  h 
nice  about  the  full-wave,  you  do  not  have  to  decompose.  Decompose  it  wnat  i. 


Propagation  in  Longitudinally  Varying  Quota,  With  Eophaaiu  on  Guiding  to  Anciguiding  Transition* 
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Hatbrally  occurring  ducting  environments  (for  example,  tropospheric  elevated  or  surface  ducts)  may 
exhibit'  continuous  longitudinal  changes  that  progressively  decrease  the  guiding  capability  and  eventually 
destroy  it  altogether.  This  circumstance  has  evident  ioplicatione  for  syateoe  employing  such  ducts  sa 
cosaSunlcatiott  or  surveillance  channels.  Recent  developments  in  the  theory  of  propagation  In  longitudinally 
varying  duett  are  reviewed,  with  emphaaia  on  gradual  guiding  to  antiguiding  tranaitiona  that  convert  en  in¬ 
itially  well-trapped  node  field  smoothly  (adiabatlcally)  into  a  leaky  mode.  The  connection  between  the 
trapped  and  leaky  mode  regimes  is  provided  by  a  parabolic  equation  or,  in  certain  cases,  by  an  *intrinaic 
mode*  spectral  integral.  Numerical  implementation  for  different  examples  confirms  the  phenomenology  pre¬ 
dicted  by  the  analysis  and  reveals  the  beaming  of  initially  trapped  model  energy  into  the  exterior  after 
the  duct  disappears.  Some  consideration  is  alto  given  to  Incorporating  these  concepts  into  a  synthesis  of 
the  field  excited  by  a  radiating  source  inside  the  duct. 


I.  Introduction 


V" 


Electromagnetic  wave  propagation  in  the  terrestrial  environment  la  affected  by  the  physical  parameters 
Chat  characterise  the  propagation  channel.  Of  special  Interest  for  coemunicatlon  are  environmental  condi¬ 
tions  that  cause  trapping  of  the  electromagnetic  energy,  thereby  making  it  possible  for  a  distant  observer 
to  receive  signals  that  would  have  been  weakened  beyond  recognition,  or  even  blocked  by  shadowing,  along  a 
direct  propagation  path.  We  shall  be  concerned  here  generically  with  refractive  index  profiles  that  may 
describe  an  atmospheric  duct,  an  ionospheric  duct,  the  earth-ionosphere  waveguide,  or  any  other  trapping 
environment.  The  discussion  will  be  focused  on  basic  phenomena,  on  recent  advances  in  the  mathematical 
modeling  of  these  phenomena,  on  numerical  implementation,  and  on  physical  interpretation. 


Ducting  implies  tha  existence  of  refractive  index  variations  transverae  to  the  propagation  path  from 
source  to  receiver  such  that  signals  along  directions  deviating  from  that  path  are  returned  back  to  the 
preferred  direction  by  continuous  refraction  or  by  reflection.  This  generates  a  multiplicity  of  refracted 
and(or)  reflected  rays,  which  can  b«  advantageously  reorganised  collectively  into  the  guided  modes  of  the 
duct.  These  modes  will  ba  trapped,  with  minimal  propagation  lose,  if  the  reye  which  generate  them  ere  con¬ 
fined  to  the  duct,  and  t.ley  will  be  leaky,  with  consequent  attenuation,  if  the  reye  which  generate  them 
escape  partially  or  totally  from  the  duct.  The  quantltatlva  description  of  thaee  phenomena,  and  aapaclally 
the  interpretation  by  ray  fields,  mode  fields,  and  ray-mode  combinations,  requires  solution  of  the  electro¬ 
magnetic  field  equations  aub.lact  to  complicated  constitutive  and  boundary  conditions,  which  art  generally 
lntractabla.  Therefore,  analytical  nodding  hae  principally  been  confined  to  coordinate  separable  config¬ 
urations,  wherein  duct  boundaries  and (or)  refractive  index  variations  are  constrained  to  follow  coostant- 
coordlnaee  contours,  at  exenpUfltd  by  radial  stratification  in  the  presence  of  a  spherical  aarth,  or  by 
planar  stratification  in  the  equivalent  earth  flattened  model.  In  theaa  geometries,  the  duct  proflla  may 
be  relatively  arbitrary  in  tha  eroaa  section  transverse  to  the  duct  axle  but  it  ratalne  this  profile  et  ell 
axial  locations.  With  these  assumptions,  exact  formal  field  solutions  can  be  constructed, which  than  form 
tha  basis  for  various  physically  incisive  approximation*  a*  vail  as  numerical  implementation.  From  a 
thorough  study  Of  thsse  "canonical"  problems,  much  knowledge  and  inalght  has  been  gained  concerning  a  diver¬ 
sity  of  fundamental  wave  phenomena,  and  the  possibility  of  modifying  those  ao  as  to  account  for  sort  gen¬ 
eral  "ton-canonical"  condition*. 


A  principal  constraint  in  theas  coordinate  separsble  models  1*  thalr  inability  to  account  for  smooth 
longitudinal  variation*  in  th*  refractive  index  profile,  particularly  important  among  which  are  those  that 
eventually  lead  to  th*  disappearance  of  tha  duct.  Examples  are  a  gradual  narrowing  of  an  essentially  homo¬ 
geneous  duct  whose  transverse  boundaries  ar*  formed  by  an  abrupt  change  In  refractive  index,  or  *  duct  with 
*  smooth  transverse  profile  that  changes  with  propagation  range  gradually  from  guiding  to  antiguiding.  In 
both  cases,  initially  trapped  electromagnetic  field*  become  lese  strongly  trapped  a*  they  proceed  along  th* 
duct  ,'ixle,  and  eventually  undergo  a  radiative  transition  into  direction*  that  deviate  markedly  from  the 
on*  desired,  If  th*  duct  had  remained  intact. 


When  longitudinal  chengt*  of  th*  type  described  above  occur  only  over  a  limited  range,  mode  coupling 
schema*  may  bt>  employed  (both  analytically  and  numerically  (1))  to  chart  the  transitional  behavior.  How¬ 
ever,  such  schemes  become  analytically  and  numerically  intrsotabl*  when  the  changes  are  gradual  end  ex¬ 
tended  over  long  distances.  It  is  then  possible  to  sppaal  to  "sdisbetic"  concepts  that  seek  to  sdspt  s 
particular  wtvifield  defined  In  the  longitudinally  homogeneous  chsonel  smoothly  to  the  changing  condition* 
without  causing  it  to  couple  strongly  with  other  wgvefltld*.  Th*  foundation  of  these  concepts  is  a  smooth¬ 
ly  changing  v*v*  spectrua  that  synthesise*  the  observable  field.  General  aspects  of  this  modern  perspective 
of  spectral  theory  have  beer  discussed  in  eeveral  comprehensive  reviews  (2-1),  to  which  th*  interested 
raider  it  referred.  Were,  we  deal  with  the  above  two  * seep 1st,  which  illustrate  the  general  feature*. 

II.  Porto let lou 

The  field  0  excited  by  *  line  eource  toceted  et  (y',e’)  la  e  two-Uimeutlonal  (y,e)  ducting  environ- 
meet  satisfies  the  wave  equation 
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with  n(y,t)  representing  the  transversely  and  longitudinally  varying  refractive  index.  V*  him  th* 
medium  to  be  unbounded  to  that'  *  radiation  condition  mutt  be  strutted  at  (y,a)*“.  The  index  function 
a<y,«>  1#  eeewmed  to  be  smooth,  Pit  If  It  be*  abrupt  change*  across  a  surface  S,  one  may  easily  mcnr* 
potat*  th*  required  continuity  condition*  for  tha  field  on  either  side  of  S,  The  tceltr  field  0  is  the 
component  of  the  electric  fields  fog  the  other  polarisation,  n(y,a)  would  be  replaced  by  an  equivalent  re- 
:  ft active  index  Viy.g) . 
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tfe.  ahallj.deal  apeciifically  vith  index  profile*  of  the  type  shown  in  Fig,  1,  Assuming  tufficiently 
high  frequencies,  the  propagation  properties  of  the  field  emanating  from  a  source  in  the  ducting  environ¬ 
ment  can  he  schematised  in  term*  of  rays.  The  amplitude  and  phase  of  the  local  plane  wave  fields  trans¬ 
ported  along  each  ray  can  be  calculated  by  geometrical  ray  theory.  The  ray  paths  can  be  divided  into  those 
which  are  trapped  inaide  the  duct,  and  those  whieh  leave  the  duct  (Fig.  2a).  The  fields  carried  along  the 
former  can  be  summed  collectively  into  trapped  modes  [2]  (see  Fig;  2b  for  a  typical  modal  ray  pattern  con¬ 
sisting  of  upgoing  and  downgoing  congruence*),  while  the  fields  corresponding  to  the  latter  synthesise 
leaky  modes.  Because  of  the  slowly  varying  conditions  along  the  duct  axis  s,  the  mode  profile  (see  Fig. 2b) 
adapts  continuously  , to  fill  the  changing  transverse  cross  section  without  appreciable  coupling  to  other 
modes,.  Our  special  concern  is  with  index  variations  that  cause  the  lntially  trapped  nodal  field  to  become 
leaky  because  of  a  cutoff  transition  in  *  narrowing  duct  profile,  or  those  that  lead  to  disappearance  of  a 
duct  bacause  of  guiding  to  antlguldlng  index  transitions.  In  both  cases,  the  locel  mode  model  fails  and 
must  be  auguaented  by  o  uniform  transition  field  that  charts  continuously  the  conversion  from  the  trapped 
to  the  radiative  state.  The  ray  model  also  fails  in  these  transitional  domains,  making  a  unlformized  treat¬ 
ment  unavoidable  here  ae  well. 

The  ray  picture  in  Fig.  2a  suggests,  in  fact,  a  scenario  that  can  be  expected  to  be  moat  effective  for 
treating  this  ClaSa  of  transitional  ducting  problems.  The  inltlelly  trapped  ray  events  should  be  treated 
collectively  by  converting  them  into  trapped  local  modes.  This  can  be  accomplished  by  filling  the  angular 
spectrum  spanned  by  these  rays,  and  also  the  transitional  rays,  with  modal  fields.  The  spectral  machinery 
for  accomplishing  this  has  been  discussed  elsewhere  [2],  The  leaky  ray  fields  are  to  be  kept  intact.  This 
hybrid  ray-mode  approach  thus  accommodates  both  the  trapping  as  well  as  the  leaky  regime  in  Che  region  not 
too  far  away  from  the  source.  As  the  observer  moves  along  the  duct  axia,  the  changing  conditions  are  taken 
into  account  by  the  uniform  tracking  of  the  local  mode  fields  u^fy.z),  m  being  the  mode  index,  including 
the  regljn  that  causes  the  mode  to  became  radiative.  Our  emphasis  here  is  on  this  latter  aspect,  which 
form*  an  essential  ingredient  in  a  comprehensive  treatment  of  this  complicated  class  of  propagation  prob¬ 
lems.  The  examples  presented  have  been  Introduced  in  other  disciplines  but  the  techniques  of  analysis  and 
the  conclusion*  are  applicable  as  well  to  the  problems  considered  here. 


III.  Examples 

A.  Harrowing  duct 


The  narrowing  duct  depicted  in  Fig.  la  is  analogous  to  what  is  encountered  In  a  tapered  dielectric  or 
optical  vaveguide,  and  it  has  also  served  as  a  model  for  underwater  acoustic  propagation  in  a  shallow  ocean 
with  sloping  bottom.  Here,  we  shell  consider  a  wedge-shaped  duct  whose  refractive  Index  is  constant  and 
changes  abruptly  to  lover  values  ecroaa  the  (straight)  duct  boundaries  (see  Fig.  la,  with  rectangular  index 
profile).  In  the  wider  poition,  e  mode  is  assumed  to  be  trapped  and  to  propagate  toward  the  narrower  por¬ 
tion.  In  this  adiabatic  regime,  the  trapped  mode  can  be  expressed  locally  as  though  it  exists  in  a  plane 
parallel  duct  with  the  same  local  cross  section.  This  model  falls  if  the  mode  passes  through  cutoff  and 
becomes  leaky.  The  previously  trapped  mode  energy  la  than  redistributed,  part  of  it  being  transmitted 
along  the  duct  but  moat  of  it  being  leaked  into  the  exterior.  The  entire  wave  process  can  be  described  by 
synthesis  of  piano  waves  which  ere  multiply  reflated  inaide  the  duct  and  then  superposed  self-conaiatently 
to  satisfy  the  source-free  wave  equation  and  boundary  condition*,  The  resulting  spectral  object  has  been 
termed  an  Intrinsic  mode  because  it  h#a  node-Hke  properties  in  thia  ntneeparabie  guiding  channel.  Details 
for  constructing  th#  Intrinsic  mouea  may  be  found  in  the  literature  (5,6).  For  a  wedge-ahapad  duct  bounded 
by  different  refractive  index  media  on  its  two  (idee  *a  in  Fig.  1,  their  analytic  fora  1*  given  by  l 7 ) t 
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Hurt  h(r)»r  tin  nil  the  local  taper  thickness,  a  is  the  taper  angle,  Jej  2  3  ar®  the  wavenumbera  la  media 
l,2,3yrespectively,and  ’  ' 

*2 13(0>  -  -  2  tan_1{  (coa2e  -  coa^j  3] 1/2/ein9)  (TE  ease)  (6) 

are  the  phases  of  the  plane  vave  reflection  coefficients  at  the  upper  and  tower  interfaces,  respectively, 
with  flc.2,3  denoting  the  critical  angles.  The  intrinsic  node  spectral  integral  in  (2),  in  which  the  inte¬ 
gration  variable  is  the  plane  wave  spectral  angle  6,  ia  taken  over  an  infinite  path  which,  for  nuaericai 
purposes,  can  be  approximated  by  the  real  axis  interval  0<6<*.  Numerical  integration  of  (2)  has  been 
implemented  and  furnishes  mode  shapes  as  in  Fig.  4  which  hold  uniformly  from  the  well  trapped  into  the 
leaky  regime  through  the  cutoff  transition.  It  can  be  shown  f 5]  that  well  before  cutoff,  the  spectral  in¬ 
tegral  in  (2),  for  small  taper  angle  a,  can  be  evaluated  asymptotically  by  the  saddle  point  method  ((1/a) 
being  the  large  parameter),  yielding  a  result  which  agrees  with  the  local  (adiabatic)  trapped  mode.  How¬ 
ever,  the  explicit  adiabatic  mode  form  falls  with  the  approach  to  cutoff.  One  observes  that  the  transi¬ 
tion  occurs  smoothly,  with  the  mode  energy  being  transferred  from  the  duct  into  the  upper  and  lower  ex¬ 
terior  along  two  "beams".  When  media  2  and  3  have  different  refractive  indeces,  the  trapped  mode  and 
leaky  beam  shapes  exhibit  acymmetrles  with  respect  to  the  duct  axis. 

The  analysis  leading  to  (2)  can  be  generalised  to  accommodate  refractive  index  profiles  within  the 
duct,  and  to  non-planar  duct  boundaries.  Details  concerning  these  extensions  may  be  found  in  references 
[8,9*. 

B.  Disappearing  duct 

Referring  to  Fig.  lb,  we  assume  a  V-type  refractive  index  profile 

n(y,r)  ■n(0,s)exp[-lylb(s))  (7) 

wherein  the  slowing  varying  profile  function  b(x)  deacribes  the  smooth  transition  from  a  duct,  with  S(z)  >0 
to  an  antiduct,  with  b(z)  <0.  The  duct  disappears  at  z“zc  defined  by  b(sc)»0.  In  the  well-guided  re¬ 
gion  *<<tc,  the  field  Ug,(y,z)  can  be  expressed  as  a  local  adiabatic  mode.  For  the  profile  in  (7),  the 
transverse  local  mode  pattern  pn(y;z),  with  1  representing  the  local  dependence,  is  given  by  Airy  functions 
(similar  to  the  case  of  the  linear  V-type  profile),  and  the  variable  propagation  coefficient  of  tho  local 

mode  is  incorporated  in  the  phase  integral  oxp[ik /* n(0,C)dt] ,  which  multiplies  f ri ( y , a ) .  Again,  this 
simple  description  falls  in  the  duct-antlduct  transition  near  s  *  z_,  and  the  adiabatic  mode  field  must  be 
replaced  by  a  transitional  field.  The  uniform  transition  can  be  effected  by  deriving  for  Pm(y>t)  0  para¬ 
bolic  aquation  tlOl,  which  can  be  approximated  for  t«sc  to  a  form  that  yields  as  a  solution  the  adiabatic 
mode  shape  for  Vmfy,!).  However,  the  full  parabolic  equation  must  be  employed  for  t::(.  No  explicit 
solution  of  this  equation  has  as  yet  been  found  bur  numerical  integration  can  be  effected  by  the  split- 
step  algorithm  l 10].  This  procedure  has  been  used  effectively  to  chart  acoustic  signal  propagation  in  the 
longitudinally  and  tranaversely  varying  ocean  environment,  end  the  reaulte  preaented  below  have,  in  fact, 
been  derived  in  that  context  [11], 

The  analytical  details  yielding  the  results  in  Fig,  5  may  be  found  in  reference  [11],  Summarized 
briefly,  the  local  Airy-type  mode  serves  ss  input  to  the  perebolic  equation  algorithm  in  the  region  z<<:zc , 
where  the  duct  la  well  established,  The  algorithm  then  "marches"  the  solution  through  cutoff  at  z  =  tc 
into  the  antiguiding  region  *>z<..  For  the  parabolic  equation  can  again  be  simplified  to  yield  an 

explicit  Airy-type  solution  that  expresses  a  leaky  local  mode  with  complex  propagation  coefficient.  Tho 
plots  in  Fig.  5  reveal  clearly  how  tha  previously  trapped  nodal  energy  gets  "besmed"  away  from  the  duct 
axis  In  tha  antiguiding  region. 

Sutery 

Longitudinal  changes  along  s  ducting  environment  for  electromagnetic  propagation  have  serious  impli¬ 
cations  whan  these  changes  ere  such  as  to  cause  the  signal  to  escape  from  the  duct.  In  thie  presentation, 
two  models  have  been  examined  that  incorporate  such  effects  1  a  narrowing  duct  with  relatively  sharply  de¬ 
fined  boundaries,  and  a  transversely  smooth  duct  whoso  refractive  index  profile  changes  gradually  from 
guiding  to  antiguiding.  These  models,  which  can  be  generalized  away  from  the  specific  prototypes  chosen 
for  numerical  evaluation,  accoswodate  a  representative  clees  of  phyelcal  environments  that  may  be  en¬ 
counters!  In  this  regard.  Raphaels  has  been  pieced  here  on  the  guided  mode  behavior!  source  fields  can  be 
ajmtbesitsd  by  e  hybrid  approach  that  Includes  rays  and  sodee.  Solution  strategic!  for  these  phenomena 
era  already  being  pureued  In  other  disciplines,  notably  nurterwiter  acoustic*,  and  they  deserve  coneidere- 
tios  as  well  for  electromagnetic  propagation.  It  Is  hoped  that  the  examples  presented  her*  will  provide 
an  Impetus  tor  moving  In  that  direction, 
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Iftg.  3  -  Wedge  tapered  duct  geometry.  Interior  coorlinetes  are  cylindrical  (r,*l:  external  coordinates  are 
rectangular  f(y,c)  and  (y , t ; ] ,  e  is  the  olcne  wave  propagation  angle  for  spectral  synthesis.  "A" 
is  a  typical  crop’  section. 
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DISCUSSION 


K.C.Yeh 

We  have  heard  two  papers  this  morning,  one  by  you  and  one  by  Bahar  which  seem  to  deal  with  some  realistic  problems. 
My  question  is  this:  do  these  two  methods  solve  the  same  class  of  problems?  If  they  do,  could  there  be  a  comparison 
made  in  terms  of  ease  of  computation  and  the  physical  understanding  of  the  results? 

Author’s  Reply 

This  is  a  very  good  question.  As  I  mentioned,  the  main  burden  on  the  analytical  modeller  is  to  extract  observables.  One 
can  extract  observables  from  both  a  physical  or  a  r  cmerical  experiment,  hi  fact,  someoftheimpetusto  this  whole 
wedge-type  propagation  was  done  by  a  strictly  numerical  experiment.  The  people  of  underwater  acoustics  put  the 
problem  on  a  computer  with  a  parabolic  equation  algorithm  and  the  algorithm  ground  out  a  certain  set  of  contour  plots 
that  looked  extremely  intriguing.  Before  that  came  out,  one  did  not  know  how  to  do  it,  because  one  did  not  know 
whether  the  phenomenology  in  the  transition  region  required  strong  coupling  between  the  different  modes.  And  since 
one  did  not  know  that,  people  just  stopped  doing  anything  about  it.  But  because  the  numerical  experiments  showed  that 
it  is  not  coupling  between  modes  that  is  important  but  it  is  rather  of  a  given  mode  to  its  non-focussed  spectrum, 
basically  from  the  discrete  to  the  continuous  spectrum,  the  transition  from  being  trapped  to  being  not  trapped.  That 
could  be  done  on  a  one-to-one  basis.  And  that  has  pushed  now  the  analysis  tremendously  in  terms  of  pursuing  these 
observables.  A  good  experiment  will  do  the  same  job.  Now,  talking  to  Bahar,  I  would  ask  him:  to  what  extent  has  his 
theory  been  parameterized  in  terms  of  extractable  observables?  If  it  has,  it  could  be  extremely  valuable.  But  then,  these 
must  be  identified  and  one  must  show  that  these  are  indeed  stable  ones  with  respect  to  perturbation,  because  in  a  global 
theory,  in  principle,  everything  is  in  there.  In  a  real  environment,  things  keep  changing  from  one  type  to  another  and  one 
has  to  have  extreme  flexibility  and  to  do  this  all  under  a  global  umbrella  is  numerically  impossible,  and  analytically 
formally  ok  but  you  do  not  get  answers  out  of  it. 


E.Bahar 

I  had  been  motivated  into  this  full-wave  solution  by  a  very  simple  problem  that  one  of  Wait’s  students  had  done  together 
with  us.  The  problem  was,  again  propagating  in  a  wedge-region,  a  three  layer  medium  with  a  wedge,  and  there  they  had 
used  ray-optics  techniques  to  obtain  the  expression  for  the  surface  impedance,  which  they  needed  in  order  to  solve  that 
propagation  pr<. idem.  They  realized  that  reciprocity  did  not  hold.  So  this  really  had  projected  me  into  getting  this  so- 
called  exact  approach  of  the  complete  expression  where  you  do  not  neglect  anything.  We  found  that  the  reason  that  they 
were  not  getting  reciproci'y  was  some  excitation  between  the  radiation  fields  and  the  waveguide  modes  that  were 
accounted  for  in  one  direction.  So  we  saw  that  this  approach  did  give  us  reciprocity  completely  and  did  account  for  the 
problems  they  had. 

Author’s  Reply 

Reciprocity  obviously  has  to  be  satisfied  in  any  true  and  real  problem.  But  if  it  comes  to  implementation  I  ant  willing  to 
sacrifice  reciprocity  as  long  as  I  get  a  good  approximate  expression  for  the  field.  I  would  not  insist  on  -cciprocity  as  a 
matter  of  principle.  If  you  want  to  test  a  numerical  algorithm,  it  is  another  matter.  If  you  want  to  test  the  accuracy  of  a 
numerical  algorithm  that  is  supposed  to  be  good  you  have  to  build  all  that  in,  but  when  you  want  to  construct  actual 
fields  then  one  has  to  be  locally  adaptive.  I  would  ask  you  again:  the  question  of  reciprocity  was  an  important  one  but 
now,  have  you  formulated  it  in  such  a  way  that  it  can  be  patched  in  locally  where  it  is  really  critically  needed  in  order  to 
explain  phenomena.  If  that  can  be  done,  this  would  be  extremely  useful.  That  is,  it  is  basically  the  matter  of  localization, 
because  in  the  extremely  complicated  environments  that  we  deal  with  we  have  to  deal  locally  with  the  phenomena  that 
are  important  in  the  local  region. 


E.Bahar 

If  you  have  noticed  I  have  mentioned  before  that  if  you  take  the  first-order  iteration  one  gels  socalled  localized  intrinsic 
modes  exactly,  the  same  as  the  intrinsic  modes  that  you  use.  And  as  long  as  then  one  can  ignore  the  coupling,  the 
coupling  between  those  modes  and  the  reflections  of  those  modes,  you  can  do  anything  you  want  but  you  hove  the 
expression  to  examine,  you  do  not  a  priori  ignore  reflections.  So  you  can,  without  ignoring  a  priori  examine  exactly 
where  coupling  is  important  and  where  it  is  not  important. 

Author's  Reply 

You  are  going  to  have  to  do  it  in  such  a  way  that  it  gives  essentially  a  recipe  that  when  I  get  into  such  and  such  a  regime  I 
do  that  localization  and  when  I  get  into  such  and  such  a  regime,  I  do  that  und  patch  it  together. 
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Since  precise  mathematical  solutions  of  the  diffraction  problem  exist  only  for 
simple  shapes  (knife  edge,  cylinder,  sphere),  most  methods  of  estimating  path  loss 
idealize  the  terrain  as  a  small  number  of  such  shapes,  and  then  apply  the  solutions  to 
those  shapes.  The  method  proposed  here,  instead  of  using  solutions  already  worked  out, 
app' les  approximate  diffraction  theory  to  a  terrain  model  that  retains  most  of  the 
complexity  of  the  real  terrain,  and  finds  a  numerical  solution  to  the  diffraction 
problem  for  each  particular  transmission  path  profile.  The  method  is  to  find  the 
radiowave  field  as  a  function  of  height  above  each  terrain  point  by  integrating  over 
the  field  above  the  preceding  terrain  point,  using  Ruygen's  principle.  The  integration 
is  done  not  only  for  direct  rays,  but  also  for  earth-reflected  raya.  Such  a  detailed 
calculation  is  demanding  of  computer  time,  but  an  attempt  is  being  made  to  keep  the 
computer  time  short  enough  so  that  the  calculation  can  reasonably  be  done  on  line. 

1 .  INTRODUCTION 

At  VHP  and  UHF,  propagation  by  diffraction  over  terrain  obstructions  can  be 
important  at  ranges  greater  than  line-of-sight,  but  less  than  about  100  km.  Estimating 
the  diffraction  attenuation  over  complex  terrain  is  a  difficult  problem,  since 
diffraction  theory  provides  us  with  solutions  enly  for  certain  shapes  such  as  knife 
edges  and  rounded  obstructions  with  uniform  curvature.  The  best  methods  now  in  use  for 
estimating  diffraction  attenuation  idealize  the  terrain  profile  along  the  transmission 
path  as  a  small  number  of  simple  obstructions,  and  then  apply  these  solutions. 

Ouch  methods  often  work  well,  but  there  is  room  for  improvement  in  two  rospoctst 
(1)  Choosing  an  appropriate  representation  of  the  terrain  profile  is  not  always 
straightforward.  In  particular,  a  hill  with  a  complex  shape  isay  be  represented  as 
either  a  single  rounded  hill  or  two  or  more  smaller  hille  close  together.  The 
calculated  path  loss  will  usually  depend  on  this  choice.  (2)  Although  theory  provides 
accurate  solutions  tor  individual  simple  obstructions,  it  does  not  provide  accurate 
solutions  for  soveral  such  obstruction*  on  the  same  path,  unless  all  these  obstructions 
are  knife  edaes.  There  are  methods  for  combining  the  attenuations  due  to  individual 
obstructions’ ,5 '  ,  but  they  are  accurate  only  in  the  limit  of  high,  weli-seoaratcd 
obstructions.  For  a  sort os  of  obstructions  that  are  either  not  high  or  not  well 
depurated,  empirical  correction  factors  must  bo  introduced. 

The  method  proposed  hore  represents  an  attempt  to  avoid  the  necessity  of 
oversimplifying  the  terrain,  with  the  associated  difficult  choice*.  It  applies  theory 
in  a  relatively  raw  form  to  the  terrain,  rather  than  using  results  already  worked  out 
for  particular  shapes.  In  this  way  it  is  a  kind  of  numerical  simulation. 


Figure  1.  A  terrain  profile,  rays,  and  field  points.  Direct  rays  ara  indicated 
with  solid  line*  and  r* Elected  raya  with  brokan  lines.  Source  point* 
are  asaumad  to  appear  as  plane-mirror  images  below  the  ground  surface. 
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2.  THEORY 

The  terrain  profile  of  the  transmission  path  is  modelled  as  a  series  of  connected 
line  segments,  usually  just  lines  joining  the  points  that  specify  the  path  profile. 

See  Figure  1.  The  terrain  is  assumed  to  be  uniform  in  a  direction  perpendicular  to  the 
plane  of  the  diagram.  Suppose  that  there  is  a  transmitter  (a  point  source)  at  the 
origin  of  coordinates.  We  wish  to  find  the  radiowave  field  at  any  point  above  the 
ground,  using  Fresnel  diffraction  theory. 

The  field  at  distance  X2  is  easily  found.  It  is  compt .ed  of  two  parts!  the  direct 
wave  from  the  transmitter  with  only  the  free-space  transmission  loss,  and  a  wave 
reflected  from  the  (plane)  surface  of  the  ground  between  the  transmitter  and  the  field 
point.  The  two  waves  interfere  to  produce  interference  fringes.  To  avoid  these 
fringes  extending  to  a  great  height,  the  ground  surface  is  assumed  to  be  rough  on  a 
small  scale,  so  that  the  reflected  wave  becomes  attenuated  for  reflection  angles  that 
are  not  close  to  grazing. 

Finding  the  wave  field  at  x3  is  more  difficult,  since  the  wave  source  Is 
distributed  vertically  at  x2  rather  than  being  concentrated  at  a  point.  Use  is  made  of 
Huygen's  principle,  which,  as.  applied  here,  states  that  the  field  at  distance  x3  may  be 
found  by  treating  the  wave  field  at  each  point  on  the  surface  at  x2  as  a  source  of 

radiation,  and  by  integrating  over  these  sources.  As  before,  each  point  source  gives 

rise  to  both  a  direct  wave  and  a  reflected  wave.  The  principle  may  be  applied 

repeatedly.  That  is,  the  field  at  distance  x-i  may  be  found  from  the  field  at 

distance  Xj_).  J 

The  field  at  distance  x^  is  found  by  the  following  formula,  which  is  a  variant 
of  the  Fresnel-Kirchhoff  diffraction  formula5! 


U(P,  J — ^ — V/2  r 

\2wlx  ,_i(Xj-xs_i)  J  h 


A(y)ei*ty)dy 


Here,  u(P)  is  the  field  relative  to  the  free-space  field  at  P(x»Xj),  and  Y.  is  the 
propagation  constant.  The  leading  factor  depends  only  on  the  wavelength  and  on 
horizontal  distances,  and  is  easily  evaluated.  The  integral  contains  A(y),  the 
amplitude  of  the  wave  at  Xj  as  a  function  of  vertical  distance  y,  and  a  phaso  *(y). 
This  phase  is  the  sum  of  the  phase  of  the  wave  at  y  and  the  phase  path  from  y  to  P. 

Since  A(y)  and  *(y)  are  arbitrary  (unctions,  defined  numerically,  since  the  real 
and  Imaginary  parts  of  the  integrand  oscillate,  and  since  the  integral  goes  to 
£nflnlty,  the  integration  is  not  straightforward.  Various  approaches  are  possible. 
The  cue  adopted  here  is  to  introduce  o  change  of  variable  that  makes  the  phase 
variation  simple  by  folding  any  non-simplo  variation  into  the  amplitude  factor.  A 
dimensionless  variable  t,  analagous  to  y,  is  dofinod  as 


t  »  *  vr*(y)-*o 

where  *0  is  the  minimum  phase.  The  lower  sign  Is  chosen  for  y  below  the  point  of 
minimum  phase,  and  the  upper  sign  for  y  above.  The  lower  limit  of  the  integral  becomes 

t  «  *  (/♦HiT-To 


The  integral  over  y  then  becomes  an  integral  over  ti 

/"  A(y)e***y*dy  •  e1*8  /”  A'(t)elt  dt 
h  r 


a ' ( t )dt  •  A(y )dy  (5) 

This  particular  transformation  is  chosen  because  the  phase  function  is  often 
approximately  a  quadratic,  and  because  the  resulting  integral  resembles  the  well-known 
Freenei  Integral. 

According  to  Eg.  (5),  finding  the  new  amplitude  A'(t)  involves  finding  dt/dy.  In 
dealing  with  numerically  defined  functions,  differentiation  can  be  troublesome,  and  in 
any  case  we  can  only  use  a  finite  number  values  of  A',  each  of  which  should  represent  a 
small  Interval  rather  than  just  one  point.  If  the  limits  ol  this  small  interval  aro 
chosen  to  be  1 1  end  t  j  in  the  t  domain  with  the  corresponding  values  yt  and  yj  in  the  y 
domain,  Eq.  (5)  becomes 

t}  ya 

I  A'(t)dt  •  /  A(y)dy  (6) 

t»  yi 
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A*  (t)  is  then  a  function  whose  integrals  over  a  number  of  small  intervals  is 
given.  If  these  Intervals  are  chosen  to  be  equal  in  length,  it  is  not  too  difficult  to 
find  a  function  A*  which  is  continuous  and  which  satisfies  Eq.  (6)  for  these 
intervals.  After  sow  experimentation,  it  was  decided  to  represent  A*(t)  as  piecewise 
quadratic,  with  a  different  quadratic  function  for  each  of  the  intervals  -■»,  to  -1.2, 
-1.2  to  -0.8,  ....  1.2  to  *.  The  interval  length  0.4  was  chosen  as  a  compromise 
between  accuracy  and  speed. 

Th?  choice  of  ±1.?  as  the  boundary  between  the  finite  and  infinite  parts  of  the 
integral  is  based  on  tue  following  considerations!  Integration  is  a  smoothing 
procedure,  provided  that  the  integrat'd  does  not  oscillate  about  rero.  That  is, 
irregularities  in  the  integrand  tend  to  be  smoothed  out.  On  the  other  hand,  where  the 
integrand  oscillates  about  zero,  the  integration  becomes  sensitive  to  amplitude 
differences  of  successive  swings  away  from  zero.  In  the  integral  of  Eq.  (4),  it  is 
therefore  appropriate  to  i-tegtate  in  steps  where  the  phase  changes  slowly,  up  to  about 
t“(x/2)l  ■  1.253,  i.e.  over  half  of  the  first  Fresnel  zone.  Beyond  there,  it  is  safer 
to  model  the  amplitude  of  the  integrand  as  a  smooth  curve  and  integrate  in  one  step  to 
infinity. 

With  A'(t)  in  polynomial  form,  the  integral  in  Eq.  (4)  can  be  evaluated.  In 
particular,  for  powers  up  to  t  , 

1“  eifc2  dt  -  P ( t ) 


fm  te 
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it* 


i  .it* 


dt  »  -  e 
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(7) 


r  t 
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2  -it 


dt 


i  |reiT  +  P(t)l 


where  P  is  the  complementary  Fresnel  integral.  (Strictly  speaking,  the  second  two 
Integrals  of  (7)  do  not  converge.  However,  if  i  is  replaced  with  i  -  t  in  the 
integrand,  where  t  It  t  positive  real  number,  the  integral  coe«ergeo  for  arbitrarily 
small  c.  Eqe.  (7)  represent  the  limit  as  t  *  7.) 


Figure  2.  An  exempts  of  «  field  integral  for  the  direct  wave  over  a 

spherical  earth.  The  imaginary  part  of  the  integral  is  plotted 
•gainst  the  reel  part,  and  the  integration  parameter  t  is  indicated 
along  the  curve.  The  location  of  any  point  on  the  curve  ia  given 

*>y  . 

l0  A'<t>  expUt’Mt. 
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3.  CALCULATIOH 


The  integration  is  done  in  steps  of  0.4  in  for  t  between  -1.2  and  1.2,  and  in  a 
single  step  to  infinity  outside  of  these  limits.  For  the  integration  to  inf in.  by,  a 
quadratic  is  fitted  to  the  integrals  of  Eq.  (6)  between  t  »  1.2  and  t  «  3.2.  An 
example  in  the  case  of  propagation  over  a  spherical  earth  is  shown  in  Figure  2.  Only 
the  direct-wave  integration  is  shown.  The  curve  is  a  Cornu  spiral,  but  greatly 
distorted  from  the  spiral  found  in  textbooks  on  physical  optics  because  the  source 
intensity  increases  with  height.  That  is,  the  positive  spiral  is  much  larger  than  the 
negative  spiral. 


In  finding  the  field  amplitude  of  the  reflected  wave,  an  amplitude  and  phase  must 
be  found  for  the  reflected  ray  from  each  element  of  the  source  field.  The  phase  path 
may  be  found  by  considering  the  ray  to  come  from  the  reflection  image  of  the  surface  on 
which  the  source  field  is  defined.  The  phase  and  amplitude  of  the  wave  component  along 
the  roy  are  changed  according  to  the  reflective  properties  of  the  surface  of  the 
ground.  The  reflection  coefficient  is  given,  for  example,  by  Hall6.  In  addition, 
since  the  surface  is  considered  to  be  rough,  there  is  a  further  attenuation  t>  given  by7 


|pj  ■  exp 


1  4*osine 

2  X 


(8) 


where  o  is  the  rmB  roughness  of  the  reflecting  surface,  are  e  is  the  angle  between  the 
ray  and  the  surface. 

The  rms  roughness  of  the  ground  is  assigned  according  to  the  type  of  ground  and 
the  roughness  in  the  profile.  In  the  present  version  of  the  algorithm,  a  default 
roughness  for  smooth  ground  is  assigned  as 


10  xh 

a  m  - 

51  +  h 


(9) 


where  h  is  the  height  of  the  transmitting  antenna  or  of  a  diffracting  ridgn  above  the 
smooth  ground.  This  assignment  is  arbitrary)  it  is  one  that  results  in  good  agreement 
with  spherical  diffraction  results.  Changing  the  roughness  by  a  factor  of  two  changes 
spherical-earth  path  losses  by  a  few  decibels. 

4.  COMPABISOW  WITH  EXACT  THEOPlf 


For  most  of  the  dcvelopme.it  of  tho  computer  program,  a  spherical  earth  was  used  as 
the  tost  terrain.  The  program  is  ultimately  Intonded  for  use  on  irregular  terrain,  but 
the  sphorlcal  earth  has  the  advantage  that  the  rosults  of  rigorous  diffraction  theory 
are  available  for  comparison.  Figure  3  shows  four  example*  of  comparative  results  for 
different  antenrr  jig'  and  polarisations.  In  order  to  obtain  the  close  auroement 
eeen  here,  appreciate  rougnness  value*  nad  to  be  chosen,  since  the  algorithm  cannot 
handle  a  completely  smooth  surface.  On  the  other  hand,  it  was  necessary  to  assume  that 
the  surface  of  the  ground  in  locally  smooth.  That  is,  the  roughness  in  set  at  sore  for 
finding  the  '*eld  at  ground  level,  and  gradually  Increased  to  its  assigned  value  in  the 
first  few  »tro*  above  ground.  This  apparent  variation  with  height  may  msko  some  sense 
physical!,,  since  the  first  Fresnel  tone  for  reflection  Is  small  for  field  points  close 
to  the  ground  and  therefore  may  not  encompass  large  variation*  in  terrain  height. 

The  agreement  between  the  two  sets  of  curves  is  not  trivial,  since  the  theorlee  on 
which  they  are  haaed  are  quite  different.  For  example)  in  the  rigorous  theory,  the 
wave  polarisation  is  part  of  tho  boundary  condition  at  the  ground  surface.  In  the 
approximate  theory  used  here  (Huygens'  principle),  polarisation  ontere  only  In  its 
ofto'*  on  the  reflection  coefficient. 


5.  OUMPAttXttOtt  WITH  MSASitUKiUnrS 

A  Halted  number  of  comparisons  with  noasured  field  strength#  have  been  dono. 
Figure  4  illustrate*  measured  and  calculated  values  of  psth  lose  as  function  of 
distance  aiong  thrse  radial#  from  Resolute  flay  in  the  Canadian  Arctic*.  These 
propagation  paths  are  of  interest  bocauee  the  terrain  is  both  irregular  and  treeiaas. 
In  operational  propagation  predictions,  trees  must  often  be  Included,  but  In  the 
development  of  a  new  algorithm,  they  are  an  unwanted  complication.  In  tho  eoaparUona 
shown  here,  there  are  not  enough  measured  data  point*  to  asiess  the  eccuraey  of  the 
calculation,  hut  they  show  at  least  that  the  algorithm  behaves  reasonably  in  irregular 
terrain.  The  curves  of  calculated  loss  risa  and  fall  with  the  terrain  roughly  a* 
expected,  and  they  past  cloae  to  most  of  the  measured  values.  Further  testing  is 
planned. 

6.  COMPOTES  Tims 

The  time  taken  to  find  the  path  attenuation  along  a  radial  from  a  transmitter  is 
roughly. ten  times  greater  than  for  methods  now  in  use.  For  on-line  use,  such  an 
increase  in  waiting  time  i*  unacceptable,  and  an  effort  ie  being  made  to  reduce  it. 
Major  reductions  can  only  be  mads  uy  reducing  the  number  of  point*  for  which  the  field 
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Horizontal  300  MHz  h1=  20m 
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Figure  ).  Field  atrength  over  t  spherical  (t/i)  earth  froa  «  1  W 
transmitter.  tech  diegra*  corresponds  to  a  particular 
tranaelttar  polarisation  and  antenna  height,  indicate'!  at 
top  at  dlaqrae.  curve*  are  labelled  according  tc  the 
height  erf  the  receiving  antenna.  Solid  curves  are  tvm  a 
cent  Atlas’.  Broken  curve*  were  calculated  by  the  eathod 
described  in  this  paper. 
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nust  be  evaluated.  In  particular,  it  may  be  possible  to  find  the  field  at  points  well 
clear  of  the  ground  without  finding  it  first  at  all  the  intermediate  points  between  the 
transmitter  and  the  field  point  in  question. 

7.  CONCLUSION 

A  new  algorithm  for  the  calculation  of  diffraction  attenuation  over  irregular 
terrain  exists  in  preliminary  form.  It  applies  approximate  diffraction  theory  to  a 
detailed  model  of  the  terrain  profile.  Comparison  with  spherical  diffraction  theory 
and  with  some  measured  data  have  demonstrated  that  diffracted  fields  can  be  calculated 
in  this  way.  Much  more  testing  remains  to  be  done,  and  modifications  will  likely  be 
made  as  a  result.  The  most  severe  remaining  problem  appears  to  be  the  computer  time 
required,  which  must  be  reduced  if  the  program  is  to  be  acceptable  for  on-line  use.  It 
is  planned  to  do  this  by  reducing  the  number  of  field  points,  retaining  a  high  density 
of  points  only  close  to  the  ground. 

8.  RSPEHENCBS 

[11  Epstoin,  J.,  and  D.w.  Peterson,  "An  experimental  study  of  wave  propagation  at  850 
Me",  Proc.  IRE,  41(5),  595-611,  1953. 

(2)  Deygout,  J.,  "Multiple  knife-edge  diffraction  of  microwaves",  IEEE  Trans.  Antennas 
Propag.,  AP-iC ( 4) ,  480-489,  1965. 

(3J  Hacking,  K.,  "Approximate  methods  for  calculating  multiple-diffraction  losses". 
Electron.  Lett.,  2(5),  179-180,  196$, 

(41  de  Asais,  M.8.,  "A  simplified  solution  to  the  problem  of  multiple  diffraction  over 
rounded  obstaclea",  IEEE  Trans.  Antennas  Progag.,  AP-19,  292-295,  1971. 

(51  Bom,  N.,  and  E.  Wolf,  "Principles  of  Optics",  808  pp.,  Pergaoon,  Mow  York,  1965. 

(6)  Hall,  M.P.H.,  "Effects  of  the  Troposphere  on  Radio  Communications*,  206  pp., 
Peregrinus,  Stevenage  UK,  1979. 

(7J  Beckmann,  P.,  and  A.  Spixxichino,  "The  Scattering  of  Electromagnetic  Waves  from 
Rough  Surfaces",  Pergamon,  Oxford,  1963. 

[31  Palmer,  F.H.,  "Hearurements  of  VHF/UHF  propagation  characteristics  over  arctic 
paths",  IEEE  Trans.  Antonnai  Propag.,  AP-28(6),  733-743,  1980. 

(9J  Atlaa  of  Ground-Wave  Propagation  Curves  of  Frequencies  between  30  Kc/s  and  300 
Nc/s,  JtTU,  Geneva,  i935. 


DISTANCE  M 


CXSTANa  (km) 


Figura  4 


Terrain  profit**  and  path  attenuation*  at  148  htt*  cm  thru* 
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DISCUSSION 


H.L..  Bertoni 

I  have  a  two-part  question.  First,  how  large  is 
the  integration  interval  Y2-Y1,  as  compared  to  wave¬ 
length,  and  is  it  small  enough  to  allow  for  accurate 
approximation  of  the  amplitude  function  A(y)  ? 
Second,  how  many  times  did  you  repeat  the  numerical 
integration  to  compute  field  strength  on  the  path 
you  showed  for  the  arctic  ? 


Author's  Reply 

The  integration  interval  Y2-Y1  is  related  to  the 
wavelegnth  through  the  Frosnel-Zone  radius,  which 
depends  on  the  horizontal  scale  of  the  problem. 

At  the  edge  of  the  first  Fresnei-Zono  integration 
variable  t  =  i/rf  »  1.77,  about  4.4  times  the  integration 
of  1 2 - 1 1  »  0.4. 

Apparently  this  interval  is  just  small  enough  for 
accurate  computation.  It  was  found  by  trying  several 
values  and  choosing  the  largest  for  which  the  calcu¬ 
lated  fields  did  not  depend  on  1 2 - 1 1 .  The  number 
of  steps  in  the  calculation  is  equal  to  the  number 
of  vertices  in  tho  terrain  profile,  about  66  for  the 
first  arctic  {Resolute  Ray)  path  shown.  On  the  smooth- 
earth  paths,  steps  were  used.  The  number  of  numer¬ 
ical  integration  is  much  larger,  since  at  each  step 
the  field  la  found  at  about  20  points. 
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SUMMARY 

Coverage  patterns  of  radar  sites,  providing  Information  on  the  terrain  masked  situation  of  a  radar, 
are  of  great  Importance,  partlcul'rly  for  the  detection  of  low  flying  targets.  Digital  terrain  maps  can 
be  used  as  a  powerful  base  for  a  computer  supported  calculation  of  highly  reliable  coverage  patterns  for 
different  kinds  of  radar  sites. 


Here,  a  digital  terrain  database,  the  Digital  Landmass  System  (DLHS) ,  having  high  horizontal  and 
vertical  resolution,  Is  used  to  obtain  optical  coverage  patterns,  as  well  as  physical  coverage  plots. 
Physical  coverage  calculations  are  based  on  the  consideration  of  wave  propagation  phenomena  such  as 
diffraction  and  refraction  using  a  multiple  knife  edge  propagation  model  In  combination  with  the  above 
mentioned  terrain  database.  Both,  the  propagation  mode)  end  the  terrain  database  have  been  verified  by 
measurements. 


1.  INTRODUCTION 


Approaching  a  ground  based  target  at  low  altitude  Is  a  commonly  used  tactics  to  avoid  detection  by  air 
defense  radars  suffering  from  clutter  and  terrain  masking.  This  Is  why  the  knowledge  of  coverage  gaps 
Is  of  viable  Interest  for  a  ground  based  survellance  system.  Today,  digital  terrain  databases  provide  a 
moans  to  obtain  coverage  diagrams,  which  Is  much  cheaper  and  easier  to  handle  than  checking  the  radar 
coverage  by  measuring  a  reference  aircraft  at  particular  heights  and  directions  of  Interest. 

Having  the  gaps  once  Identified,  the  question  arises,  what  could  be  done  to  Improve  the  coverage  per¬ 
formance  or  ground  based  radars.  To  Investigate  this  question,  wave  propagation  effects  are  considered  In 
addition  to  line  of  sight  calculations,  to  allow  for  diffraction  phenomena,  which  are  of  Increasing  im¬ 
portance  at  larger  smvelengths.  The  Influence  of  radar  frequency  and  radar  antenna  height  is  observed 
using  fiettve  radar  sites  in  real  terrain  for  the  monostotic  case  as  well  as  for  the  bistatic  one. 


2.  THE  TERRAIN  DATA  BASE 

The  reliability  of  the  prediction  of  field  strengths  behind  an  obstacle  is  strongty  depend#!  on  the 
aecuracy.of  terrain  height  Information,  especially  if  target  heights  are  In  the  order  of  magnitude  of 
aurfece  structures,  Hu  forests, 

Hence,  e  terrain  database  of  high  accuracy  as  wall  »i  of  high  reliability  it  required.  The  |)Ui5  la  a 
dcuba se  which  can  meet  these  demands,  It  consists  of  two  general  parts.  The  first  part  contains  the  to¬ 
pographic  height  data  tfilch  are  subdivided  into  blocks  of  l  degree  longitude  by  1  degree  latitude,  De¬ 
pending  on  the  geographic  latitude  of  the  block,  the  number  of  terrain  height  samples  varies  form  201  to 
1201  fbr  *  content  value  of  latitude  on  one  block,  **>!U  the  number  of  terreln  height  samples  for  a 
constant  value  of  longitude  Is  allways  1201;  this  loads  to  an  eppmtmate  distance  between  two  tuples 
of  100  meters. 

A  second  level  !i  being  develooad  tdilch  will  have  a  resolution  of  about  30  n.  The  height  accuracy 
it  dependent  on  the  type  of  terreln,  where  10  n  is  a  typical  value  for  hilly  region*.  The  height  reso¬ 
lution,  however,  it  given  by  the  digit  lied  height  steps  of  1  st  in  all  types  of  terrain. 

In  addition  to  the  topographic  height  information .surface  structure  information  Is  available.  Th*t 
includes  features  HU  buildings,  milanehts,  forest,  and  others,  where  characteristic  parameters  rr« 
predominant  Might  of  the  feature,  surface  material,  and  surface  roughness.  The  corners  of  a  polygon, 
forming  the  boundary  of  the  feature,  are  digltlied  in  longitude  and  latitude  with  cn  accuracy  of  O.S  se¬ 
conds.  figure  2.1  snows  a  30-plot  of  typtcal  terrain  In  the  center  of  rurppe,  while  figure  2.2  it  a  plan 
via*  of  forested  areas  inside  a  geographical  block  as  an  aaatple. 

Both,  topographic  and  surface  structure  information  cl  be  used  separately,  but  are  combined  for  the 
coverage  calculations,  forested  areas  art  modelled  tt  solid  obstacles,  i.e.  u*  average  vegetation  Might 
Is  added  to  the  topographic  height.  Although  this  Is  a  vary  staple  forest  model  and,  of  course,  more  pre¬ 
cise  and  sophisticated  models  are  available,  it  has  show)  good  results  st  least  for  radar  coverage  appli¬ 
cations.  Earlier  mark  /l.f  has  shown  that  ror  forest  depths  greater  than  a  few  hundred  meters,  the  elec¬ 
tromagnetic  energy,  penetfktlnj  through  e  forest,  is  negligible  compared  to  the  energy  dlfft acted  at  the 
forest  edge,  this  result  chows,  or  course,  strong  frequency  dependence  but  justifies  the  application  of 
the  solid  obstacle  forest  model  in  most  cases. 
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Fig.  2.1 


Fig.  2.2 


3.  THE  FLIGHT  PATH  HODEL 

The  following  cal  cut  it  ions,  ending  up  with  mono-  and  bistatic  coverage  diagrams  are  dependent  on  the 
basic  assumptions  of  the  targets  flight  behaviour.  Since  the  terrain  following  capability  Is  different 
from  aircraft  to  aircraft  or  fran  one  missile  to  another  and  will  presumably  Increase  in  future,  a  tar¬ 
get  flight  path  model  Is  adopted,  which  Is  very  easy  to  handle  and,  even  more  Important,  independent  of 
the  target  type.  The  model  target  1c  allays  assumed  to  fly  at  constant  height  above  ground  and  thus 
Ideally  follows  the  terrain. 

This  assumption  Is  of  course  an  Idealised  one.  which  can  only  be  Interpreted  as  a  worst  case.  Real 
target  aircraft  or  missiles  are  usually  limited  In  mobility  and  manoeuvrability  by  the  maximum  normal 
acceleration.  Hence,  a  real  terrain  following  flight  profile  will  be  smoother  than  the  one  derived  frqs 
the  model  assumptions.  In  the  coverage  diagrams  this  will  lead  to  fewer  and  smaller  gaps  but  hardly  to 
larger  11ne-of-$ight  range;.  The  quantification  of  this  offset,  however,  is  strongly  dependent  on  the 
actual  terratn  following  algorfttw  and  device. 


4.  LINE -OF -SIGHT  COVERAGE  DIAGRAMS 

Since  the  intension  of  radar  coverage  diagrams  is  the  description  of  the  terrain  masked  site  of  a  r»- 
dar,  ip  this  cast  1 tne-of-stght  means  radio  Ilne-of-slght  and  hence  Includes  the  consideration  of  a  modi¬ 
fied  earth  radlua  to  allow  for  refraction  effects  In  the  earth's  atmosphere,  the  correction  factor  k  1; 
dependent  on  air  pressure,  temperature  and  huatdlty  and  can  vary  with  place  and  time  from  0.7  to  10. 

To  obtain  line-of-stght  coverage  diagrams  of  polar  g«u»t,ry,  a  nurber,  n,  of  terrain  profiles  is  ex¬ 
tracted  from  the  database  In  equidistant  angular  spacing.  Thus  the  observed  area  Is  <  circular  one 
limited  by  the  maximum  range  of  Interest,  The  terrain  profiles  art  corrected  for  earth  curvature  and  ie» 
fraction  In  the  earth's  atmosphere  and  scanned  for  the  identification  of  regions,  where  a  target  at  con¬ 
stant  height  above  ground  has  a  tlne-of-s'ght  to  the  radar  antenna.  Figure  4,1  shows  a  typical  terrain 
profile,  with  those  areas  Indicated,  where  a  target  at  cwistant  htldht  above  ground  Is  within  the  line- 
of-stght  region, 

Llne-of-slght  diagrams  for  the  binotic  case  #>-e  ganeretao  similarly  but  for  an  art*  which  Is  limited 


where  Rj  Is  the  distance  from  transmitter 


a  Cassini  curve  of  ewstatt  range  product  ft,  *  R2> 
to  target  and  Is  the  distance  from  receive*1  to  target.  Sucn  bisutlc'dlagrams  are  derived  from  super 
positions  of  two  monottatlc  ones  relating  the  polar  geometry  to  a  best  fit  carthealan  one.  whtch  gives 
the  best  areal  resolution. 

Figures  *,?  to  4.4  show  I  ini-of-slght  diagrams  for  two  monostotic  sites  and  tne  corresponding  hi- 
suttc  diagram*,  indicating  those  areas,  where  a  llne-of-tight  from  target  to  both  transmitter  and  re¬ 
ceiver  exists. 


Fig  At  petti  profile 
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Fig.  4,4  bistatic 


5.  THE  PROPAGATION  HOGU 

The  prcpigitton  nodel ,  which  (j  here  weed  for  rider  ippt  Ration  I*  v»l  Id  for  frequencies  froo  VHF  to 
«-b«nd,  II  1*  aw f nl y  bleed  o«  dlffnctlpn  »nd  refrjctloe  effect*  In  the  iwojphere.  Tor  thte  *o  celled 
•ultlple  knife  edv  dlffrectton  «od»l,  the  precise  knowledge  of  the  propigitton  pitli  Is  necessary.  In 
the  terreln  profile,  corresponding  to  the  proptgition  pith,  those  edges  building  the  horizon  for  i 
flctlee  source  located  antop  of  the  previous  edge,  ire  eodel'id  by  ideally  conducting  screens  of  actual 
otsitecte  height  end  Infinite  intension.  An  e*e»pJe  for  •  ter  r*  in  profile  end  the  corresponding  propege- 
Iton  peth  ere  given  In  fig.  $,l  ind  fig.  5,?. 

Since  the  wvefrpnt  ts  muted  to  be  pUner  et  th*  point  «f  diffraction,  the  stole  preelne  Is  reduced 
to  e  I  dlwwstooal  one,  8*3*1  on  the  previous  esmeption,  the  single  wife  edge  dlffrectlon  attenuation 
•tong  the  partial  peths  r  Itjsj  io  k|  Kjj"  i  *r*  calculated  based  on  the  well  enow  fretnel  ctrehtoff 
theory.  Fig.  5.3  shoe*  the  geaMtfle  for  the  calculation  of  the  dlffrectlon  attenuation,  censed  i»y  e 
single  knife  edge. 


Fig  5.1 
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Let  R  be  the  location  of  a  soufO.  oannrotlng  an  electromagnetic  field  of  the  for» 

£  •  /x  (5el) 

F 

where  X  In  the  -  ’.at ion  of  the  transmitter  in  the  piano  of  the  first  diffraction  screen  lij  and  d  Is  the 
distance  Iran  is  to  Xj.  The  ratio  of  actual  received  field  strength  £  to  free  space  field  str*mjrh  t6  at 
the  given  location  Kj  can  be  calccUted  using  xirthr-offs  equation 


l  v-Jh/1 

•  ’Hr*  >c{ v)  « j  3{«)i!  . 

tf*  * 

ill  *i  ; 

t£tf  V'? 

iv.f ; 

*utr* 

* 

f(»)t  J  cos 

ii.3> 

0 

* 

S(v).  /  sin 

l«/2t?5« 

(&.•*) 

t 

are  the  well  Loos*  rr*{tt«l  integrals. 


tt*  ify«M  »  deurlbei  the  gaoeetric  properties  pf  v..e  igesrtigtufc  wjh;  15  is  given  fey 

v  *  h  fs.s) 

vftere  e  ti  the  height,  #y  sertth  ts»  o&itaci *  t«e tine  feetseen  #  aw  Kj.  dj  the  distance 

*  t(.  dj  IM  distance  £.)  Kj  and  X  tfc*  CM  15  vsv»  n  >t  ne^tttv  for  transhon  40A  paths  a«  thus  v 

feetomer-  negatlv.  as  t#iT. 

the  acfual  values  for  dj,  3j  and  h  »r#  attracted  *ra«  the  pate  soaJlle,  which  is  derives)  frq#  the  terrain 
dauoeie. 


The  IcgerlthBic  aileftva* len,  e«f»h$e  fey  V*  retie  of  ft  rf fat ted  to  free  space  field  strenght. 


k  »  .  *fB  *  )<=!,%£  iif/cjjiji 

14.61 

1»  evaluated  using  the  fnliSring  n^vsiiefeife  ; 

l  >  S.«  »«,!'••  r  -  ?  .//  < 

v*  for  v  •  }.* 

16.7) 

and 

l  v  17.961  ♦  ?t>  '  :>gJ0  (v> 

fee  v  >  7.4 

(6.«) 

sAlsh  ara  v»Mi  for  regions  thdft  beyond  the  herttdn  usd  far  beyond  the  barites,  respectively. 

l«  the  cat#  or  propagation  paths  with  aore  than  She  diffraction  edge,  the  total  path  loss,  relative  to 


T 


-'sfc.-W.Vrvvv  4»>S*v-«**  »iv  ■'  f 
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ft*}  space,  is  tha  win  of  the -single  diffraction  losses.  i.j  . 

I  *  £  t-t  (5.9) 

i  -t 

Free  {9.6)  and  (5.8)  fallows 

L  «  >2 0  ‘  f,  Ifl910  |(E/E0)ji  (5.10) 

1  *  1 

-  -  20  •  log10  {  f]  l(c/-0>ii  1  ft.H) 

1*1 

An  additional  correction  factor,  which  was  derived  frei  measurements,  done  by  the  SSRE  (UK)  Is  In¬ 
cluded.  This  correction  factor  leads  to  an  increase  of  the  path  loss  at  wavelengths  <50  on  resulting 
rroa  the  « vo. length  oeelng  ir,  the  order  of  magnitude  of  the  surface  fine  structure.  At  wavelengths  > 

50  on  the  correction  factor  leads  to  a  decieate  of  total  path  loss  to  allow  for  increased  influence 
of  ground  wave  propagation. 


S'v.co  the  one  way  propagation  loss  is  defined  to  be 

l  -  -10  log10  I  (  C/E0  *)  |  (5.12) 

W8  can  oefine  a  on#  way  attenuation  factorag(v) 

a  g(v)  -  [£/E(.|?  (5.13) 

which  can  be  included  in  the  radar  aquation  to  allow  for  diffraction  influences.  The  argwaent  v  is  de. 
fined  by  equation  (5.5). 

Thus  the  radar  equation  for  mwostattc  racer  u 


K  *  «t  •  V  ‘  o  - 
’*-<>  *  ■  °o  *«■> 


(5.14) 


wtth  o  p(i)  «  1. 

For  a  bistatit  radar  eesftjismipfl,  difrofenl  4UemiaUo,l  factory  mil  occur  for  the  transmitter  rod 
receiver  path,  respectively.  Nance  fur  the  Mimic  cos*  the  trisihc  ire*  ralar  equation  will  be 


pe{»1«)  * 


h,  *  6,  *  A*  *  o 


hi 


•0  (J  ;  (vy)  *4*  e  (f  !*jj) 


(5.15) 


(*>*•*  (v  *  Vw 

In  free  space.g^j  and  a $  both  equal  1  and  that  pe(ai»)  is  slim  hy  the  naatau*  possible  product  of 
target  ranges  to  tran saltier  and  receiver.  Curves  with 

(S. id) 


,  T 


.  *$’  *  t«f>U 

ana  the  so  catlad  Cassini  cur**». 


*.  HOKJfAttt  wniCAl  COWMfii  wnw 

Stellar  to  tht  lift#.af-si|ht  case,  id-era  a  target  can  It  detected  at  ranges  last  than  for  tw- 
aationi  beyond  the  r«lu  Swltt*.  a  conditio*  for  ddtKlaSlI  tty  can  he  defined  at  follow: 

tet  ieisp  5,*e  oat t*,#i  free  space  radar  rang*  far  gives  parww tvrs  Use  probability  of  detection, 
fell*  *1  am  fate  and  target  radar  cross  section,  for  e,«*p>e.  then  an  energy  surplus  wtlt  be  available 
ti  ranges  less  than  **4,0.  te«ce,  as  long  as  the  product  ot  target  *e«*»  a»j?  propagation  factor  i»  l»v» 
than  dr  equal  to  the  M*»»  fra#  (pact  rang*,  it#  target  «i>l  he  detectable  t«  beyond  the  hurt -4* , 
•eccondteg  to  energy  calculations.. 

•  *  -*80,0  IM) 

AteOtpheric  refraction  Is  Utah  Isle  Ktttat  via  m.  •vttoa.m  »*♦./•»  latJojacm  the  S-fa»tor  a«i 
thus  the  effect!**  earth  radius.  5l«#  s  can  vary  fro*  p.'y  to  ates-ot  10,  the  affect  tv*  tarts  radius,  for 
witch  straight  riy  geatseifTt  can  ba  efpl  t«,  can  vary  f.oe  taw  »«  to  6jfM  to  a  *  *fi  it  a*  often  «•*< 
twe*  value, 

It  was  oat  of  th*  scope  of  tans  parer,  to  mslwl*  the  e»arn«at<e*  «*  ,  latter  proPlaats,  Oiffractlo* 
efforts  above  li«*~af»*tg>tt  a*»  aaclsdtd  at  well  at  out  11  path  «tf«.is. 

in  analogy  te  the  faof.edur*  used  far  H«e--ef-tig!Jt  pattern*.  tv-ram  pror’e,  in  es-stdistass  angular 
i facing  if*  extract's  fore  tie  terrain  database,  let's  path  is  dxaninsd  for  those  ranjss,  «l*r*  the 
condition  tor  detectability  of  a  target  at  given  height  is  net,  i.t.  1*  eqsidUuat  rang*  steps,  the 
attenuation  caused  by  diffraction  is  cak  dated  **i  the  detectability  comfit !»  i*  rhaclao  ceitw 
aquatic*  (b.i). 
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In  figures  6.1  to  6.6,  the  aarit  areas  in 
radar  heights,  frequencies  and  free  space  r 


Fig.  6.1 
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Tfcft&ET  mEISHT  -  30.0*  AWTEwNa  HEIGHT  “  10.0* 
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7.  BISTATIC  PHYSICAL  COVERAGE  PATTERNS  . 

In  the  bistatic  case  the  condition  for  detectability  appears  to  be  a  bit  different. 

Similarly  to  the  monostetic  case,  the  radar  parameters  like  transmitter  power,  antenna  gain  and  detec¬ 
tion  probability  and  the  target  RCS  can  be  combined  In  a  flctlve  maxlmun  free  space  range  llmltlno  the 
area  of  observation  to  the  Cassini  curves  (5.16).  9  ne 

Inside  this  area,  a  target  can  be  detected.  If 

V^l  4  rR  *  V^Dr  U*mK0  (7.1) 


the  square  root  of  the  product  o'  ranges  Rg,  Rj  to  the  target  devlded  by  the  product  of  corresponding 
attenuation  factors  a  Dj-,  a  Dr,  Is  less  than  or  equal  to  the  flctlve  maxlmun  free  space  range. 

Different  from  monostatic  radar,  there  are  locations,  In  addition  to  masked  and  unmasked  target  situa¬ 
tions,  where  the  target  Is  masked  for  either  the  transmiter  or  the  receiver  and  within  1 Ine-of-slqht 
for  the  other.  For  a  configuration  like  this,  one  of  the  attenuation  factorsdDg  oraDT  Is  1.  The 
following  figures  show  bistable  coverage  patterns  for  different  combinations  of  antenna  helqhts,  fre¬ 
quency  and  target  height.  The  effect  of  varying  bistatic  RCS  for  different  bistatic  angles  Is  neglected. 


Fig.  7.1  and  7.2  show-the  monostatic  LOS  coverage  patterns  for  receiver  and  transmitter  Indicating  a 
very  good  transmitter  (T)  location,  fig.  7,3  shows  the  corresponding  bistatic  LOS  pattern.  Physical  co¬ 
verage  patterns  are  shown  In  figs.  7.4  to  7.5  Indicating  Increased  coverage  of  areas,  where  there  Is 
1 ine-of-slght  to  the  transmitter ,  while  the  receiver  Is  masked.  Only  at  very  low  frequencies  (400  MHz) 
there  Is  a  small  region,  where  a  target,  which  Is  masked  for  the  receiver,  as  well  as  for  the  transmitter 
(■* — I,  can  be  detected. 


Fig.  7.1  monostatic  (T  ) 


Fig. 7.2  monostatic  (R) 


Fig,  7.6  shows  the  Increase  In  LOS  area  coverage  if  the  receiver  is  elevated  to  100  m. 


i  J »  .a  »  c te  th»  f^quency  dependent  Increase  In  radar  coverage  for  the  monostatic  case 

l.e.  a  monostatic  radar  is  assume*  to  be  Installed  at  the  locations  of  transmitter  and  receiver,  respec- 
‘ir?!?-  7,11  ?n<i  7:12  show,  how  radar  coverage  Increases  with  wave  length  for  a  bistatic  configu¬ 

ration  at  the  same  locations  as  above.  Though  both  monostatic  radars  together  provide  a  much  better 
coverage,  the  Increase  In  radar  coverage  with  wave  lenght  Is  more  significant  in  the  bistatic  case. 


1UWXWHMW  UIUIIW  WUIW..U.  F  .  IW. 


Fig.  7.3  bistatic 


Fig.  7.4 
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In  figures  7.13  to  7.U,  the  Influence  of  atmospheric  refraction  Is  shown  for  the  examples  k  *  0.7, 
and  k  -  10. 


LINE  OF  SIGHT 


8.  CONCLUSION  S 

Simulations  and  measurements  have  shown  that  the  combination  of  a  digital  terrain  database  with  a 
physical  wave  propagation  model  Is  an  appropriate  tool  to  provide  monostatic  as  well  as  bistatic  radar 
coverage  diagrams  dependent  on  target  height,  antenna  height,  frequency  and  free  space  radar  range. 

Such  coverage  patterns.  Including  effects  of  wave  propagation  phenomena  like  diffraction  and  refraction 
provide  useful  Information  for  the  radar  operator  as  well  as  for  the  rcdar  design  engineer.  As  a  result 
of  the  simulations  show  In  chapter  7,  wave  propagation  phenomena,  providing  beyond  tho  horizon  detecta¬ 
bility  at  low  frequencies,  seen  to  be  more  likely  In  the  bistatic  case,  especially  If  there  exists  a 
1 Ine-of-slght  to  either  the  transmitter  or  the  receiver.  In  most  sltuntlons,  however,  a  combination  of 
monostattc  radars  show  greater  coverage  at  1 ine-of-slght  as  well  as  at  low  frequencies. 
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DISCUSSION 


Uelsen 

In  Kuschel’s  procedures  (paper  7)  dealing  with  edge  diffraction  by  a  stack  of  half  planes,  each  edge  is  treated  as  though 
it  were  illuminated  by  the  incident  field  alone.  Whitteker’s  approach  (paper  6),  which  requires  much  more 
computational  effoi  4  accounts  for  the  modification  of  the  incident  field  by  each  preceding  diffraction.  To  what  extent 
do  the  results  of  paper  6  justify  those  of  paper  7?  Can  you  give  recommendations  where  the  method  of  paper  7  is 
inadequate? 

Author's  Reply 

In  the  multiple  “knife  edge  diffraction  model”,  which  I  used,  the  diffraction  attenuation  is  calculated  for  each  edge  along 
the  path  from  the  preceding  to  the  succeeding  edge  including  transmitter  or  receiver,  respectively.  The  single 
attenuations  are  then  superposed  and  thus  the  modification  at  the  incident  field  by  each  preceding  diffraction  is,  of 
course,  included. 


JJalrbrother 

Terrain  data  bases  have  reached  the  stage  where  any  improvement  mast  Include  environment  category,  c.g.  urban  or 
rural  etc.  For  effective  standardization  such  categories  must  be  numerically  defined. 

Author’s  Reply 

D.L.M.S.  includes  in  each  square  %  roof  cover  and  %  tree  cover  +  surface  material,  e.g.  concrete. 
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A  DIFFRACTION  BASED  THEORETICAL  MODEL  FOR 
PREDICTION  OF  UHF  PATH  I.0S8  IN  CITIES* 


Henry  l>.  Bertoni  and  Joram  Walfisoh 
Center  for  Advanced  Technology  In  Telecommunications 
Brooklyn,  N.y .  11201 
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Cellular  mobile  radio  and  other  urban  communication  systems 
working  in  the  UHF  band  (30MHz  -  3GHz>  are  based  on  propagation 
from  an  elevated  fixed  antenna  to  a  mobile  at  street  level.  The 
requirement  for  cellular  systems  for  coverage  in  one  area,  and 
isolation  from  other  areas,  makes  prediction  of  path  loss  in 
cities  an  important  aspect  of  system  design.  To  date,  the  only 
bases  for  predicting  path  loss  are  the  measurements  made  in 
various  cities.  This  paper  presents  a  theory  for  predicting 
path  loss  in  urban,,  areas  outside  of  the  high-rise  urban  core. 

In  such  areas,  the  buildings  are  of  nearly  uniform  height  and 
form  nearly  parallel  rows.  Eaah  row  has  the  appearence  of  a 
cylinder  lying  on  the  ground,  so  that  propagation  is  a  process 
of  diffraction  past  many  cylinders.  Using  this  approach,  we 
develop  a  model  for  predicting  average  path  loss  that  is  in 
good  agreement  with  measurements. 


I.  Introduction 


'/ 


The  development  and  design  of  cellular  mobile  radio  systems  has  made  use  of  propa¬ 
gation  path  loss  models  based  on  measurements  made  in  various  cities.  TheBe  measurements 
show  a  dependence  of  the  average  signal  on  the  range  R  from  the  fixed  antenna  of  the 
form  1/R“  with  M  between  3  and  4  (1-7).  The  influence  of  building  height,  street,  width, 
etc.  is  not  well  understood,  and  is  usually  accounted  for  by  experimentaly  obtained  cor¬ 
rection  factors  [1,2,8].  To  date,  no  theoretical  model  has  been  developed  that  explains 
why  the  presence  of  buildings  results  in  the  observed  range  dependence  and  amplitude. 

Such  a  theoretical  model  could  be  used  to  clarify  the  range  of  application  of  measure¬ 
ments  based  models,  and  extend  path  loss  prediction  to  new  situations,  such  as  fixed 
antennas  at  or  below  roof-top  level. 


We  have  constructed  a  theoretical  model  for  predicting  average  path  loss  in  the 
UHF  frequency  band  for  areas  of  cities  where  the  buildings  are  of  relatively  uniform 
height.  In  many  cities  the  high-rise  buildings  are  clustered  in  a  core  region.  Sur¬ 
rounding  this  core  is  a  much  larger  area  where  the  buildings  have  relatively  uniform 
height,  except  for  occasional  tall  buildings.  In  this  surrounding  area  the  buildings 
are  organized  by  the  street  system  into  nearly  parallel  rows.  Even  when  neighboring 
buildings  are  not  physically  joined  together,  the  paaBagways  between  them  are  typically 
smaller  than  the  building  width.  Except  for  the  special  cases  when  the  passagways  are 
aligned  with  iranemitter,  propagation  must  take  place  through  the  buildings  or  over 
them.  Because  of  reflection  and  attenuation  by  exterior  and  interior  walls,  propagation 
through  the  buildings  can,  at  most,  bo  significant  only  for  the  last  row  in  front  of  the 
mobile. 


The  foregoing  considerations  lead  to  modeling  a  row  of  buildings  by  an  opaque  rec¬ 
tangular  cylinder  lying  on  the  ground.  Propagation  then  takes  plaae  over  the  cylinders, 
as  suggested  by  path  1  in  Figure  1  for  the  case  when  the  elevated  fixed  antenna  is  the 
source.  Here  a  few  rows  of  buildings  are  shown  in  oross-seotion.  For  R  in  the  range 
1-10  km  the  actual  number  of  rows  goes  from  about  20  to  over  200.  At  each  cylinder  a 


a 
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portion  of  the  field  is  diffracted  down  to  the  ground.  The  diffracted  and  subsequently 
reflected  rays  in  the  vicinity  of  the  mobile,  which  are  indicated  by  2  in  Figure  1,  account 
for  the  well  known  multipath,  or  wavelength  scale,  variations  of  the  field  [9,10]. 

The  field  reaching  the  ground  can  rejoin  that  above  the  buildings  after  multiple  re¬ 
flections  and  refractions,  as  suggested  by  path  3  in  Figure  1.  In  addition  to  a  loss  in 
amplitude,  these  fields  lose  phase  coherence  with  the  original  field  above  the  building, 
and  become  part  of  the  incoherent  background.  For  these  reasons  the  fields  reflected 
from  the  ground  are  neglected,  so  that  the  height  of  the  buildings  does  not  influence 
propagation  over  their  roofs,  but  only  influences  the  final  diffraction  down  to  street 
level . 

For  small  glancing  angles  a,  the  forward  diffracted  field  will  maintain  coherence 
with  the  incident  field  even  when  the  tops  of  the  buildings  are  irregular.  However, 
fields  that  are  multiply  back-diffracted  at  the  tops  of  the  buildings  will  lose  coherence 
with  the  phase  and  direction  .of  the  incident  field  due  to  irregularities  of  the  buildings . 
Because  of  this  loss  of  coherence,  the  back-diffracted  fields  are  neglected.  Since  only 
forward  diffraction  is  included  in  our  model,  and  since  for  small  angles  this  diffraction 
is  not  strongly  dependent  on  the  cross-section  or  electrical  properties  of  the  diffracting 
obstacle,  we  replace  each  row  of  buildings  by  an  absorbing  screen  of  vanishing  thickness. 
Finally,  because  reflections  from  the  ground  are  not  important,  the  screens  are  assumed 
to  be  semi-infinite. 

A  further  simplification  is  achieved  by  using  the  local  plane  wave  approximation  to 
find  the  influence  of  the  buildings  on  the  spherical  wave  radiated  by  the  elevated  antenna. 
We  first  determine  the  amplitude  Q(  u)  of  the  field  at  the  roof  tops  due  to  a  plane  wave 
of  unit  amplitude  incident  at  the  glancing  angle  a  on  an  array  of  building  rows.  The  roof 
top  fields  due  to  the  spheriaal  wave  are  then  the  product  of  Q(a),  with  a  as  shown  in 
Figure  1,  and  the  spherical  wave  amplitude,  which  is  inversely  proportional  to  the  range 
R  in  Figure  1.  This  plane  wave  approximation  is  similar  to  that  used  when  finding  the 
field  above  a  homogeneous  earth.  Here  the  spherical  wave  amplitude  is  multiphed  by  the 
factor  [l±r(o)l,  where  r(a)  is  the  plane  wave  reflection  coefficient.  Moreover,  this 
approximation  is  consistent  with  the  concept  of  effeotive  antenna  height  introduced  by 
Lee  [11]. 

When  computing  the  range  dependence  of  the  average  signal,  all  buildings  are  assumed 
to  have  the  same  height  h  equal  to  the  average  height  of  the  actual  buildings.  The  use 
of  uniform  height  buildings  to  find  the  average  aingal  strength  is  justified  by  the  agree¬ 
ment  obtained  with  measurements.  Computations  made  assuming  the  height  of  the  rows  to  be 
randomly  distributed  also  confirm  the  validity  of  this  approach. 


II.  Diffraction  Past  a  Series  of  Half  Screens 


To  find  the  plane  wave  amplitude  faotor  0(a)  we  consider  the  diffraation  of  a  plane 
wave  by  a  series  of  half  screens  labeled  n-0,1,2, . , . ,  as  shown  in  Figure  2.  Diffraation 


Figure  2.  Kay  reaohing  the  edge  n-N  and  the  Fresnel  tone  about  it. 


past  all  proceeding  screens  will  alter  the  field  incident  >n  plane  of  the  nth  screen.  Let 
Hn(y)  be  the  field  incident  on  the  plane  of  the  nth  screen.  The  field  incident  on  the 
edge  of  the  nth  screen  Hn(Q)  will  vary  as  n  increases,  but  can  be  expected  to  settle  to 
the  oonatant  value  Q(a)  independent  of  n  for  n  large  enough,  einoe  the  plane  wave  ia  in¬ 
cident  from  above  the  edges* 

An  estimate  of  the  number  of  half  screens  that  must  be  considered  in  order  to  achieve 
settling  can  be  obtained  from  the  Fresnel  tone  for  the  plane  wave  field  reaohing  the  edge 
n*N  in  Figure  2.  For  H  large  enough,  the  edgea  of  No  half  aoreena  will  lie  within  the 
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Fresnel  zone  stout  the  ray  reaching  the  edge  n»N.  For  small  a,  No  is  the  integer  part  of 
d/(Aa2),  so  that  „  ^ 

N0  a  a/da2)  (1) 

Because  the  edges  for  screens  with  n  <  N-N  ,  do  not  lie  in  the  Fresnel  aone,  they  should 
not  significantly  effect  the  field  incident  on  the  n*N  edge.  Thus  one  expects  settling 
to  be  achieved  after  about  N0  half  screens.  These  observations  confirmed  by  the  numerical 
results  described  below. 

A.  Klrchhoff-Huygens  Evaluation 

In  studying  diffraction  over  hills,  the  forward  diffraction  approximation  has  been 
employed  [12-14].  Vogler  [15]  has  developed  a  method  for  treating  diffraction  by  a  series 
of  half  soreens,  starting  with  an  approximate  solution  that  may  be  obtained  by  repeated 
application  of  the  Kirchhoff  integral  to  the  plane  of  each  screen.  He  further  approxi¬ 
mates  this  solution  into  an  infinite  summation  of  terms.  Besides  being  difficult  to  work 
with,  the  approximation  appears  to  bo  valid  only  for  plane  wave  incidence  from  below  the 
horizon,  rather  than  from  acove,  as  in  Figure  2. 

Because  no  strictly  analytic  method  appears  to  exist  for  the  diffraction  problems 
posed  in  Figure  2,  a  method  based  on  direct  numerical  evaluation  of  the  Klrchhoff-Huygens 
intergrals  is  adopted  here.  We  assume  that  the  incident  plane  wave  has  unit  amplitude 
magnetic  intensity  H  polarized  along  z  in  Figure  2,  and  time  dependence  exp(jwt).  When 
there  is  no  variation  along  z,  the  field  H.+1(y)  incident  on  the  plane  of  the  n+1  half 
screen  due  to  the  field  Hn(y')  above  the  nth  half  screen  is  [16] 


R  j*/4 

w*  -  ~ 


03 

Hn<y> 


e-j*r 

- -  (cos  i  + 

/r 


i  -  /i?  +  fy-y')2  i  coa4  “  d/r  (3) 

and  d  ie  the  separation  between  the  soreens. 

Numerical  evaluation  of  (1)  requires  that  the  integration  be  broken  into  discrete 
intervsls  over  which  the  integration  can  be  approximated  by  an  algebraic  expression. 
Furthermore,  the  integral  must  be  truncated  at  some  finite  value  of  y'.  since  the  inte¬ 
gration  aperture  is  large  compared  to  wavelength,  choice  of  the  discrete  interval  length 
i  must  be  as  large  as  possible  for  realistic  computing  times.  An  integration  rule  has 
been  developed  by  making  separate  linear  approximations  for  the  phase  and  amplitude  of 
the  integrand  in  (2)  that  allows  A  to  be  chosen  as  large  as  the  wavelength  A[17], 

The  principal  contribution  to  (2)  come  from  points  within  the  Fresnel  zone  shown  in 
Figure  2  (18).  Thus  the  termination  of  the  integration  must  be  made  outside  oi  this  re¬ 
gion.  Abrupt  termination  of  the  integration  will  also  result  in  a  numerical  erro-,  even 
when  the  termination  point  is  well  outside  the  Fresnel  zone.  To  avoid  this  error,  a  ter¬ 
mination  stategy  has  b«en  developed  [17],  in  which  the  integrand  of  (3)  is  brought  smoothly 
to  zero  before  the  integration  is  stopped.  The  details  of  the  integration  rule  end  ter¬ 
mination  strategy  are  omitted  here,  and  only  the  numerical  results  are  presented, 

B.  Field  Variation  from  Edge-to-Edua 

Corresponding  to  the  UKP  band,  d/A  i*  in  the  range  30  to  600  for  incidence  normal 
to  the  edges  in  plane  view.  For  obUguo  incidence,  the  effective  A  ie  greater  by  i/ooe  f 
where  f  ia  the  angle  between  the  plane  of  incidence  and  the  normal  to  the  aoreens,  thereby 
reducing  7/A,  The  calculations  reported  here  have  been  carried  out  for  the  four  oases 
d/A  -  200,  100,  50,  25. 

The  results  of  the  calculations  for  the  field  incident  on  the  edge  of  the  n  half 
screen  for  an  incident  plane  wave  of  amplitude  |Rl|  «  1  are  given  in  Pigure  3  for  d/A»50. 
Similar  reaults  have  been  obtained  for  a/A*200,iOO  and  25.  While  the  calculations  are 
made  only  for  integer  values  of  u,  a  continuous  curve  has  been  drawn  through  the  points 
to  help  in  visuulisihg  the  results.  Each  curve  corresponds  to  t  particular  value  of 
incidence  angle  a.  The  dependence  of  the  calculated  curves  on  a  and  d/A  ia  auch  that,  to 
a  accuracy  of  better  than  about  2t,  the  same  curve  is  obtained  for  the  same  valua  of 
a*d/A,  whloh  is  the  inverse  of  N0  in  (1) . 

For  a  “  0  and  an  incident  plans  wave  of  unit  amplitude,  |!i|  *0,5  at  the  edge  of  the 
n«l  half  screen.  As  a  inarea ass,  the  edge  of  the  n*l  half  screen  lies  above  the  shadow 
boundary,  so  that  |H|  >  0.5  there.  In  the  illuminated  region  of  the  diffraction  pattern  of 
a  tingle  half  eoreen,the  field  hae  maxima . greatev  than  the  amplitude  of  the  incident  field. 
Thus  for  a  large  enough,  the  diffracted  field  at  one  edge  wii,  lie  along  a  maximum  of  the 
diffraction  by  the  previous  edge,  so  that  <H|  can  be  greater  than  unity,  as  seen  in  Figure 
3  •  j 

The  pervasive  behavior  of  the  curvee  in  Figure  3  is  the  faat  that  for  a  f  0  the  field 
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Fiaure  3.  Variation  of  t..e  field  incident  on  the  edges  of  the  half  screens  as  a 

function  of  screen  number  n  for  screen  spacing  d»50X  and  various  valuas 
of  a  . 

amplitude  settles  to  a  nearly  constant  value  for  n  large  enough.  tOndulationa  for  large 
n  are  thought  to  result  for  numerical  error  duo  to  the  use  of  too  small  an  “tion 

aperture.]  The  ratio  Q(a)  of  this  settled  field  amplitude  to  the  incident  field  arapli 
tude  gives  the  influence  of  the  buildings  on  the  roof  top  fields. 

The  angles  oof  interest  for  cellular  mobile  radio  are  generally  below  2°,  so  that 
settling  involves  diffraction  past  many  half  screens.  Due  to  the  long  running  timoof 
the  oroaram  for  a  large  number  of  screens  (several  hours  for  one  value  of  a  on  a  VAX 
computet)  ^it  is  essential  to  have  a  good  estimate  of  the  number  of  aoroenathatmustbe 
treated  to  find  the  settled  value  of  the  field.  The  settling  process  is  illustrated  in 
greater  detail  in  Figure  4  for  d/X  -  50  0  ■  1.2°. 


Figure  4.  :  Settling  behavior  of  the  field  incident  on  the  edges  of  the  half  scroona 
shown  in  expanded  aoale  for  d»50X  and  a  ■  1.2°. 

Ae  n  inoreeaee,  tha  field  in  ligure  4  initially  drop*  to  a  minimum,  jndvradually 
»oain  aftar  which  it  oscillates  with  decreasing  amplitude  about  the  settled 
i.lSrSlaj  ’  it  it  .seh  th.S  the°v«lue  of  the  field  incident  on  the  n-No  S«reen  i.  clone 
to  the  maximum  but  etill  within  24  of  the  settled  value.  The  value  of  the  field  incident 
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on  an  edge  n  “0,lNo  is  also  within  2%  of  the  settled  value,  and  at  all  edges  in  between 
the  field  is  within  about  8%  of  the  settled  value.  In  other  words,  to  within  an  accuracy 
better  than  ldb,  the  settled  value  is  obtained  after  the  abbreviated  number  of  half  screens 
O.lNo.  TBus  for  low  angles  a,  where  the  number  of  half  screens  No  is  beyond  our  computa¬ 
tional  capabilities,  the  settled  value  can  be  obtained  from  the  much  lees  time  consuming 
calculation  for  C.l  N0  half  screens.  In  Figure  3  we  have  indicated  N0  for  each  value  of 
a  by  the  verticle  stroke  crossing  the  corresponding  curve,  while  0.1  N0  is  indicated  for 
some  curves  by  cross.  For  many  of  the  lower  angles  we  have  computed  for  n  beyond  0.1  Nq, 
but  not  out  to  N0  itself. 

Another  significance  of  the  abbreviated  settlings  number  is  that  the  number  of  rows 
of  building  that  must  be  passed  over  to  achieve  the  settled  field  is  only  0.1  N0,  rsther 
than  Nc.  For  small  angles,  the  distance  Noa  may  be  larger  than  the  range  R  between  fixed 
antenna  and  mobile.  However,  the  distance  0.1  N0  is  typically  a  fraction  of  R.  For  un¬ 
dulating  terrain,  the  abreviated  settling  distance  gives  the  foreground  that  should  be 
used  to  define  the  local  slope  at  the  mobile. 


The  value  of  the  settled  field,  taken  to  be  the  value  at  N0  or  at  0.1  N0,  is  plotted 
in  Figure  5  venue  the  parmeter  a/d/X,  using  logarithmic  scales  to  make  clear  the  power 


Figure  S,  Dependence  of  the  settled  field  0  on  the  parameter  a/SJl,  solid  line 
has  slope  0.9,  dashed  line  has  slope  1.0. 


law  dependence.  The  series  of  points  are  the  values  of  field  taken  from  the  calculations 
for  varlous  values  of  d/X.  There  points  lie  along  a  curve  having  small  curvature  for 

<  0.4.  Between  0,4  and  1.0,  the  curvature  is  seen  to  bo  subetantlal.  For  oh/3/i>l,  No 
Is  unity  and  the  tattled  field  is  found  from  diffraction  past  a  single  half  ccreen, 

two  straight  lines  are  drawn  through  the  point  (0.1,  0.03),  The  dashed  line  haa 
unity  slope,  end  appears  to  be  tangent  to  tha  curve  (not  drawn)  defined  by  the  points. 
However,  for  a/d/X  >0,15  the  straight  line  deviates  from  the  points  by  more  than  10%. 

The  solid  straight  line  has  slope  0.9  and  la  scan  to  lie  within  10%  or  O.OdB  of  the  curve 
defined  hy  the  point*  for  cwd/x  up  to  0 .4^,  If  d»40m,  f**l  0H»  and  0.1°  <  a  <  2°.  aa  ia  ty¬ 
pical  for  cellular  mobile  radio,  then  a*d/T  ranges  from  0.02  to  0.4.  A*  a  reault,  the 
solid  straight  line  may  be  used  as  s  fit  to  the  settled  field,  so  that 


In  Figure  l,  a»H/R  which  implies  that  Q  of  (4)  varies  aa  1/R0,9  for  fixed  H.  This 
range  variation  (a  in  addition  to  tha  1/R  dependence  of  tha  spherical  ways,  so  that  the 
overall  range  dependence  of  the  field  la  i/Ri*9.  Thus  received  power  will  vary  as  1/R3**' 
which  la  in  good  agreement  with  many  measurements  [3,4,6],  tn  the  limit  aa  H/r+0,  q  is 
proportional  to  1/R  giving  the  field  variation  of  l/RJ,  in  agreeswnt  with  the  dependence 
found  by  volger  (15). 
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III .  Propagation  Pate  Lobs 

The  propagation  model  developed  in  the  foregoing  sections  can  be  used  to  predict 
the  average  path  loss  between  the  elevated  antenna  and  the  mobile.  Path  loss  consists- 
of  three  faatorsi  1)  the  path  loss  between  antennas  in  free  space;  2)  the  reduction  0(e) 
of  the  roof  top  fields  duo  to  settling;  and  3)  diffraction  of  the  roof  top  fields  down 
to  ground  level. 

A.  Path  Loss  Model 


Hot  accounting  for  antenna  gain,  i.e.,  for  isotropic  antennas,  the  ratio  of  received 
power  to  transmitted  power  for  antennas  in  free  space  is  given  by  il/2itR)2.  Expressing 
this  ratio  in  dB  gives  the  free  space  path  loss  I^.  If  fc  the  frequency  in  HHz  and  K*  is 
the  range  in  km,  then 

LQ  *  32.4  +  20  log  fc  +  20  log  1^.  (5) 

Equation  (4)  is  used  to  find  Q(a),  and  through  the  definition  of  a  it  is  possible  to 
account  for  terrain  slope  at  the  mobile  and  for  the  earth's  curvature,  provided  that  R 
is  not  close  to  the  radio  horizon.  For  level  terrain,  a  in  radians  is  given  by 


where  Re“8 . 5x10^ 


a 


H  R 

r-  n; 


km  is  the  effective  earth  radius. 


(6) 


Path  loss  associated  with  diffraction  down  to  street  level  depends  on  the  shape  and 
construction  of  the  buildings  in  the  vicinity  of  the  mobile.  A  simple  approximation  to 
this  process  for  recieving  antennas  near  street  level  is  obtained  by  assuming  diffraction 
to  ocaure  at  the  center  of  the  row  of  buildings  before  the  mobile,  in  this  case  tho  path 
loss  is  given  by  (19] . 


/T 

K 


+ 


l 

im-'a 


(7) 


where  h  is  the  height  of  the  building  before  tho  mobile  and  hm  is  height  of  the  mobile 
antenna,  as  indicated  in  Pigure  1.  The  angles  y  and  a  are  in  radians  with 


Y  •  tan"1  Ulh-ty/dl  (8) 

Expression  (T)  may  be  further  simplified  by  neglecting  1/(2s»y-<»  >  as  compared  to  1/(y-i>), 
and  assuming  that  a  is  small.  Finally,  to  aacount  for  reflections  from  buildings,  shown 
in  Figure  1,  and  other  sources  of  multipath,  a  factor  of  /S  is  included  to  arrive  at  the 
average  field. 


Combining  (4) , (6 ) - (9) ,  and  Including  the  factor  /Y,  we  obtain  an  expression  for  the 
Kr,1"ution  of  the  field  over  that  experienced  by  the  same  antennas  separated  by  a  distance 
R  in  free  space.  When  expressed  in  dO,  this  expression  Is  the  excess  path  loss  L  ,  and 
Is  give.-;  by 


fc4ie  *  01.1  ♦  logfe  ♦  A 


18  logH  ♦  18  logR^  -  18  log 


<»! 


The  last  ter*  in  .(26!  accounts  for  the  curvature  of  the  earth,  while  the  term 


4*  )  log 


-»  logd  *  30  log  tan 


-1 


(2(h-h(a)/d)j 


110) 


reeulta  fro*  diffraction  down  from  the  roof  tops. 

The  overall  path  loss  b~  Is  found  by  adding  b  to  the  free  space  path  loss  lr,  for 
Isotropic  antennes.  Received  signal  strength  can  85  found  by  subtracting  u,  fro*  the  ra¬ 
diated  power  plus  antenna  gains,  expressed  in  do. 

B.  Comparison  With  Beaeuremanta 

Keasurementa  of  average  received  signal  were  made  in  Philadelphia  by  Out  and  Pli t kins 
M  J»  Six  fixed  antenna  location*  wera  used  with  antenna  heights  ranging  between  48  and 
255  feat  above  the  curb.  The  MSiureeenta  were  carried  out  at  820  K)ix  with  radiated 
power  end  antenna  gains  totaling  S3. 3dB.  the.  maximum  building  height  in  the  vicinity  of 
the  mobile  locations  was  reported  to  be  30  feet.  For  calculations  we  have  assumed  an 
average  building  height  of  <5  feet  in  determining  the  transmitter  height  H  above  the  roof 
tops.  The  height  of  the  mobile  antenna  w«a  5  feet,  or  about  1.5m,  and  the  separation 
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between  rows  was  taken  to  be  d“40m.  Finally,  the  earth's  curvature  wa3  ignored  in  ex¬ 
pression  (9) . 


Omkxwm  Omsk*.  ***, 
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Figure  6.  Comparison  of  aector-averuged  signal  strength  fob  various  transmitter 

sites,  aa  Measured  by  Ott  amt  Pilth-ln*  C 4 1 .  with  theoretical  prediction* 
(solid  lines).  Signal  level  is  in  dlia,  the  range  is  in  stiles,  and  the 
value  of  II  is  indicated  in  gutters. 

Figure  6  reproduce*  the  tseaeuresusntt  of  reference  ( 4 )  for  the  six  locutions!,  the 
dote  represent  sector  average*  of  the  received  algrv.t  level  In  03#  plotted  as  a  function 
of  range  in  Milo*  frsws  the  transmitter.  Transmitter  height  above  the  ausused  roof  top 
level  is  indicated  for  each  site,  super iopoead  on  the  data  we  have  drawn  a  straight  line 
representing  the  received,  signal  predicted  fay  our  theory. 

the  first  two  si  tea  ate  located  n ear  down-  town  tnUmlelphia,  whoa#  tali  building* 
way  be  maps  risible  for  the  reduction  in  the  signal  below  the  predicted  values.  The  s»- 
saining  four  altos  are  away*  f  tor.  tlis  down  town  rag  ion.  For  these  »lte»  the  aversge  hs* 
renge  dependence  that  it  in  good  agreement  with  our  theory.  Gwblnimt  the  data  for  sites 
d-*,  Ott  and  Plltkin*  obtain  a  range  dependence  of  X.*d8  per  docade,  as  compared  to  the 
38dB  per  deosde  given  by  our  aside i. 

kn  alternative  way  of  coopering  theory  with  weasureaunwe  is  to  plot  excess  sttenua- 
tion  a*  a  furs t Ion  off  the  angle  of  incidence  «  given  by  16).  Ofcuasura  et  el  (11  have 
•assured  path  loss  for  various  frequencies  jsd  antetma  height*.  we  have  subtracted  the 
free  space  path  lose  to  of  (9)  free  their  **#*  iseMents  end  used  i«)  to  convert  range  into 
angle,  the  resulting  plot*  of  excess  attenuation  versus  e  sre  shown  as  the  broken  curves 
in  Figure*  7(a)  -  (c)  for  antenna  height*  between  JO  and  l*Cs.  in  Figure  *  a) ,  data  for 
tg-lSl?  and  1450  HMt  have  been  superimposed,  while  Figure  ?(b)  is  for  t  *  912  Mil*,  bats 
at  455  Hits  for  height*  50,  45  and  COM  deviate  by  lees  than  Ida  fro*  the  single  curve  used 
to  plot  thee  In  Figure  7(c), 

When  excess  lose  ie  plotted  versus  a,  antenna*  140  and  10- 60*  high  are  seen  to  have 
the  MSie  excess  lose,  to  within  5d».  This  agreement  support*  the  aestxsntlon  that  excess 
path  loss  la  a  function  of  a,  rathsr  than  of  B  and  H  ssparatniy.  Th*  observed  variation 
of  excess  path  loss  with  K  for  a  given  a  may  be  dur  to  the  fact  that  since  S-oii,  the  meo- 
GUreeanta  were  mad*  In  different  portions  of  Tokyo. 

fit*  solid  curves  in  Figure  1  represent  excess  path  loss  computed  fro*  our  Model. 


8-S 


a.}  0,5  1.0  2  5  10 

allKeMtO 


s>  i - i-iamui — i  1-i.i.w.iu 

04  0,5  To  2  5  5) 

aisCCttUl 


20 


3 

a 


<K> 


» 


_ t,..UXUUL 

0.5  fl.S  1 


ju— luJouiaj 


5  10 


Figure  2. 


Comparison  of  excess  path  Ions  fro*  seam  teemnta  by  Ckuwuta,  «t  >1  (11 
with  theoretical  prediction*  fen  a)  fy*l,llT  and  l.og  HHsi  b>  fc«922  Hiiii 
awl  c)  f,;»451  Htt*.  The  broken  curve#  are  bated  on  »ea»ur count*  for  the 
fined  antenna  heights  indicated,  and  the  solid  curve  la  fro*  the  theory. 


Pending  of  these  curves  for  larger  value*  of  e  results  from  the  fact  that  the  aiesplc 
approximation  U>  la  not  valid  for  0(e),  and  It  it.  wseateary  to  resort  to  value*  of  Q 
taken  fro*  Figure  5  in  the  region  where  curvature  it  significant.  The  computation#  have 
been  wade  aaaurtlrvg  tu,  »  1*.  which  l*  the  value  used  In  waking  the  *ea*uro*ent»,  We  have 
iliw  attund  that  delta  and  building  height  h»i3*. 

the  predicted  excaee  lose  for  fe  »  1400  Htls  la  seen  fro*  Flours  7  (at  to  b«  within 
about  5dt  of  the  measured  value  over  the  range  of  c  shown,  At  te  *  923  Htlr  the  agree- 
want  i*  about  4da,  ae  seen  ftoa  Figure  7|.bl,  However .  at  4SJ  Hll*  the  deviation  in  each 
free  Figure  7<e)  to  be  greater  than  Sdtt  for  a  high  antenna  and  low  o.  The  die- 

*gree*snt  is  the  difference  in  elope  between  the  oaaaureaante  curve  and  the  oodei, 

IV.  Conclusion 

A  theoretical.  axNie.t  of  (W  propagation  in  urban  enviroiwwxits  haa  been  developed  to 
predict  the  ranee  dependence  of  the  average  signal  strength,  and  is  found  to  he  in  good 
agreeseht  with  *e»aut**M,nte.  The  model  shove  how  the  build  iwi  height  and  separation  in¬ 
fluences,  signal  strength.  Because  the  excess  attenuation  is  found  to  depend  on  U  aw!  ft 
only  through  the  glancing  angle  a, variations  of  ground  elevation  and  slop*  oex  he  accounted 
for  through  the  definition  of  s.  Wien  finding  the  local  tangent  to  the  tsrrain,  one 
need  only  take  Into  account  the  terrain  in  the  abr eclated  settling  distance  0.1  K&d  in 
front  of  the  nobUe. 
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DISCUSSION 


J.H.WMtteker 

Two  questions: 

(1 )  Could  yon  explain  how  it  is  that  the  field  settles  down  to  a  constant  value  in  spite  of  the  fact  that  the  diffracting 
screens  continue  to  remove  energy  from  the  wave? 

(2)  If  houses  are  arranged  in  straight  rows,  the  distance  from  one  row  to  the  next  in  the  radial  direction  will  depend  on 
azimuth .  Does  this  result  in  a  field  strength  that  varies  with  azimuth  as  well  as  distance? 

Author’s  Reply 

(1)  '  Because  we  are  treating  the  case  of  a  plane  wave  incident  from  above  the  away  of  edges,  the  incident  wave  brings 

energy  down  to  the  edges  to  replenish  that  scattered  and  absorbed  by  the  screens.  At  the  settling  point  and  beyond, 
an  equilibrium  is  established  between  the  incident  energy  and  that  removed  by  the  screens. 

(2)  For  oblique  propagation  over  rows,  the  solution  can  be  obtained  by  replacing  the  wavelength  X  by  X  /cos  t|i ,  where 
sj>  is  the  angle  between  the  plane  of  incidence  and  normal  to  the  rows  (screens).  Since  X  enters  as  a  square  root,  the 
effect  is  not  strong.  We  have  not  examined  the  implications  of  this  dependence. 

J&Belroae .  - 

Mr  Bertoni  presented  a  theoretical  model  for  predicting  UHF  path  loss  where  the  geometry  was  such  that  the 
propagation  path  was  across  streets '  erpendicular  to  the  path.  He  commented  that  a  cosine  factor  would  have  to  be 
taken  into  account  for  other  propagation  directions. 

In  the  orthogonal  direction  the  propagation  mode  is  radically  different  from  diffraction  down  into  and  multiple 
reflections  from  b-iildings  on  both  sides  of  the  street...  The  waves  can  be  trapped  or  channelled  down  the  street. 

The  signal  amplitudes,  the  correlation  distances  and  the  amplitude  probability  distributions  are  quite  different  in  (hose 
situations;  fn  the  geometry  Di  Bottom  analysed,  die  signal  correlation  distance  Is  so  short  that  a  so-called  gain  antenna 
a!  800  MHz.  a  half-wave  which  has  a  gain  4d8  over  a  quarter  wave,  can  exhibit  no  gain  at  all  (0dl3  over  a  quarter  wave). 
There  ;s  clearly  a  need  to  extend  tho  model  for  other  geometries. 

Author’*  Reply 

Many  measurements  have  shown  significant  differences  hr  signal  strength  along  streets  aligned  with  the  transmitter,  as 
opposed  to  -streets  at  an  angle  to  ths  transmission  direction.  However,  for  a  transmitter  located  In  an  urban 
environment,  only  a  few  streets  are  oriented  ht  the  direction  c'  the  transmitter.  At  street  level  in  the  vicinity  of  buildings 
i  t  Is  rarely  possible  to  see  the  transmitter. 

Dr  itelrose  is  correct  In  that  the  city  is  complex  and  the  theory  needs  to  be  extended  to  cover  different  geometrical 
condition*. 
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I.  WHY  THIS  PROGR  AM  7 

The  calculation  of  radioelccttic  wave  propagation  toss  li  ai  the  heart  of  all  modern  study  concerning  the  diffraction  and  concep¬ 
tion  of  telecommunication  systems  be  it  radio  sunport,  radio  link  or  satellite  communication, 


Furthermore,  the  present  multiplicity  of  such  systems  •  civil  as  well  as  mlUtary,  fixed  or  mobile  •  slong  with  an  increasing  glut  of 
authorised  frequently  space,  make*  it  necearaty  to  consider  from  the  outset  of  the  study  all  problems  related  to  the  electromagnetic 
compatibility  studied  o  compared  to  existing  systems  on  the  terrain 


Due  to  such  (system*  needs,  CELAR  was  led  to  develop  the  following  kinds  of  toots  for  this  study  : 
-  those  for  point  to  point  links,  with  representation  of  terrain  croes-seettoo. 


•4*s  Trs  ’i  ’  Yw-es  rises  ‘r'wras  Sea*  '~«e"st  isus'  ruses 
tULUtUtthU 


Editor's  Now: 

The  wigmal  figures  uvtd  in  the  prensratkm  of  thli  paper  were  in  colour  but  arc  oca  suitable  for  icpruductkM  in  that  form  and  taco 
ftfttlofy  frtrfl  fa  lei  ™t 
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-  those  for  radioelectrical  coverage. 


rsdloelectricd  coverage 
trotted  t  transmitter. 


NB  :  The  plot  of  this  kind  o  f  zone  requires  around  l2.<Hhi  Iterations  of  the  propagation  loss  calculation  program. 


-  thoer  for  defining  hcrtzUn  graphs  ud  Interference  risks 


Such  took,  being  mm  tud  mon  tophlUiuUd,  require  : 

I)  e  topographic*!  dtu  Use  he  ring  extremely  rapid  *oum  : 


e 

Cobra  ere  used  to  clarify  the  quriltlet 
at  the  different  cricukted  hecuitn  links. 

e 


k 


CiXAR  now  pontes***  «  rriUmetrfcris  title  Use  rat  ttssgoclic  ditk  which  it?t « interval  of)  2"  x  9“  1280  m  x  260  m).  The 
Informsitoo  is  extracted  by  administering  t  graded  dill  but.  this  hew  it  liken  directly  from  t  nitionil  file  of  topographical 
till*  title*  on  the  GMt-DTN  Handled  (Group*  Mulilnittonil  dtchesgs  d«  Ooengea  do  Topographic  NimUririe)  tnd  Implemented 
in  France  »t  ta  Interval  of  J"  «  l“t  following  tgruastol  by  the  lottuul  Gdugfeptsiquc  Nadouri  (ICN)  ud  The  DrifgaUon  (XaP- 
trie  poor  TArmcacni  (DCA)|. 


2)  IhlfererU  modeU  for  ecriustln*nidi<*l*<L.e  propagation  lots : 

The**  rnodeh  ous  be  of  the  fotiowlng  future  : 

-  deiermbitt  :  the  teitrin  U  then  precisely  known  tnd  after  t  romcwhtl  lengthy  eoraputitkssi  tu.it.  those  models  give  rise 
pcopegdton  lots  In  08  foe  the  Unk  under  study.  Foe  i  given  uc*.  this  tou  ua  be  vgtid  for  SOS.  yo*  oe  9958  of  the  time. 

-  tutietieri  :  thete  modelt  which  era  totstrwhtl  tophuthsted  sod  thus  rather  rapid  in  execution,  give  retssltt  with  a  coaft- 
deisoe  degree  leverage  error  vriue,  variirwe, trilled  to  the  characteristic  of  rise  terrain  (flit,  hilly.,.). 

taring  the  five  yean  that  time  studle*  htvt  been  car  tied  out,  HILAR  was  Ud  to  conceive  tnd  pot  Luo  effect  a  new  delermlnist 
model.  This  model,  known  at  CARDIF  (Caked  d'AfftiWistcrntni  Rsdsoeiecttique  par  Diffraction),  has  art  average  compuution  time 
of  SO  ntt  (tariudlag  terrain  eraraweerioa)  tad  will  be  Uttar  adapted  thu  fritting  program*  to  needs  Us  list  range  of  50-40WU-* 
lotjcita 
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2.  THE  CARD  IF  PROGRAM 
2.1  Theoretical  beats 

Maxwell's  equations  lead  to  the  equation  of  wave  propagation,  which  Is  expressed  as  : 

Jo 

tt  +  k1  n  =  -  (1) 

j  2xef 

7  Is  called  the  hertxitn  vector  and  is  linked  to  the  electric  potential  V  and  to  the  vector  X  potential  by  the  following  equa¬ 
tions  : 

x.A 

dt 

V  =  -  dlv  7 

Knowledge  of  the  7  vector  enables  us  to  reconstitute  the  entire  wave  structure.  Wave  determinaticn  at  transmission  and  recep¬ 
tion  allows  us  to  establish  the  path's  transmission  loss. 

In  Formula  1 ,  the  density  of  current  /J  (no  density  outside  the  antenna),  the  wave  vector  module  die  11 "  k  and  the  constant 
dielectrics!  complex  <  =  eQ  «r  Intervene  as  well. 


(2) 

(3) 


where  er 


and  the  redo  R 


«r,  +  i  60  o  — 

f 

Im  (<r)  60  o  X 

Re  («r)  «r, 


This  ratio  is  characterislic  of  the  area  In  which  the  wave  is  propagated  : 
if  R  »  I  the  area  Is  conductive 

if  R  «  I  lire  area  is  dieUctrical 

Wave  reflection  and  absorption  thus  depend  on  the  nature  of  the  ground- 

The  solution  of  Equation  I  is  an  integral  and  rarely  applicable  except  in  special  usee  : 

-  where  the  earth  Is  smooth  and  (lit 

-  where  the  earth  it  smooth  and  iphetieal, 

CARD1P  ta  the  outcome  of  Equation  1  la  (hue  special  cam 

If  the  theory  ta  weli-beckcd  up  'or  all  problem*  of  diffraction,  reflection  and  abaorptlon  by  the  ground,  there  is  nevet  theleis 
no  general  theory  concerning  diffraction  problem*  on  the  earth's  relief  for  somewhat  complex  fetnu.  A  new  approach  h>l  Ihercfote 
been  adapted  which  usee  Prasad's  ellipsoid  concept.  Ttvli  edlpeold  twtetponds  to  anelllpaeln  the  erosMcothm  plan  ;  if  the  ellipse 
is  not  engaged  in  the  ground,  there  will  he  no  diffract  toe  by  the  ground,  and  (he  different  phenomena  such  as  reflection,  atmospheric 
refraction  and  absorption  cun  be  isolated.  In  lire  opposite  cue,  we  must  consider  diffraction  art  the  ground  or  oo  obstacles.  fiey  pout's 
method  it  Used  for  diffract  ton  on  obstacle*. 


24  Uterverttat  physical  phenomena 

this  see  program  Ukee  the  folldwtim  physical  phenomena  UUo  account  : 

fd  N\ 

-  tropoaphsmcal  refraction  i  the  atmosphere  is  viewed  u  a  sphere  with  a  vertical  gradient  of  reftectloo  index  t  — — -)  wich  is 
constant  and  equal  to  -JSuN/hm. 

-  dHTtaetion  on  smooth  and  spherical  aseth :  Use  mathematical  deretopmema  of  this  phenomenon  are  presented  In  the  worha  of 
Boudourii  |2|  arid  ttoilhk;  (1 1. 

-  reflection  on  smooth,  flat  or  spherical  earth  :  a  two-nty  model  in  the  crosenrciton  plirt  capiatra  this  phenomenon  for  <*eak> 
.  distinct*  The  curvature  of  the  truth  can  be  integrated  into  the  program  with  the  aid  of  a  coefficient  of  apherkal  reflection. 

-  ^direction  on  ohetardot  :  Way  Usui's  method,  presented  in  1946  |4|.  is  rapidly  add  originally  programmed  in  this  model 
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23  Parameters  of  program  entry 

t ,  a  dielectrical  permittivity  and  conductivity  of  the  area 
he  ,  hr  aerial  heights 
f  frequency 
ffOL  wave  polarisation 
transmitter  position,  receiver  position 

CAKD1F  dots  not  take  random  phenomena  into  account,  such  as : 

-  scintillation 

-  multiple  atmospheric  paths 

-  existence  of  atmospheric  conducts. 

3  N 

It  determines  an  average  loss  in  time  starting  with  an  average  value -  equal  to  -  39  uN/knt.  This  value  applies  to  tomperate 

3  h 

climates.  The  preceding  random  phenomena  for  calculation  of  loeses  for  percentages  of  given  time,  will  be  the  subject  of  subsequent 
statistical  studies. 

2.4  Earth  Surface  Representation 

A.  Use  of  a  Topographical  Data  Base  (TDh) 

To  determine  the  relief  between  the  transmitter  and  the  receiver,  a  cross-section  of  terrain  is  extracted  by  following  the  direct 
geodedcal  path  between  these  two  points.  This  geodesic  Is  calculated  by  a  simple  algorithm  using  a  spherical  representation  of  the 
earth. 


The  geodesic  U  studied  at  «  constant  <  uUnc*  of  1 3“»9“,  the  precision  with  which  the  points  uc  adjusted  b  greater  than  30  w 
foe  distances  ter*  than  400  km. 

The  ahUud*  of  sack  point  b  obtained  by  torerpoiatutgiba  values  of  ihe  four  nearest  nodes  of  the  network. 

Os*  of  this  kind  of  data  haw  in  islecommunlcaitora  brings  up  threa  points : 

-  tba  positions  of  the  uacxatiter  sad  receiver  ought  ttr  be  known  with  a  precision  greater  than  1 00  m  go  that  Uw  croseneeitao  of 
terrain  t*  compatible  with  the  preciiwrt  of  the  geodesic  and  the  TUB  grid. 

-  the  actual  altitude  should  also  be  verified  becso**  U  can  differ  coatldarsbly  from  the  orsa  obtained  by  the  TO#,  eapeckliy  on 
an  aatranta)  point  (generally  a  high  point). 

-  vegetation  nr  utbsmeniioo  is  not  represented,  As  opposed  to  the  sliitude.  thb  deals  wish  data  ehai^tln  time.  The  Inaatkm 
of  ihewe  factors  wilt  most  Uieiy  eotsuiiuie  a  future  date  base  (TUB  adapted  for  TstecoturuunicaOoru  S dance).  Their  impor* 
unca  for  0t«  user  depends  on  lha  dead  td  gosl : 

•  minimum  lose  for  a  coverage  diagram, 

•  minimum  km  for  a  twordinalioo  diagram, 

•  average  lose  for  a  (Ued  link. 
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tlj.  AUUMtikiU  >4jUl>  Dai  out  10  toutuiRO* 


C.  Representation  of  actual  relief  by  Boudouris’  smooth  earth  model 

Boudouris'  theory  Is  used  for  smooth  and  spherical  earth.  The  following  approach  has  been  adapted  for  using  this  model  in 
instances  where  there  is  no  significant  obstacle  penetrating  Fresnel's  first  ellipsoid. 


Hat  {round 


The  parameters  h,  and  h,  are  (he  actual  antenna  heights.  The  |oa!  Is  to  find  a  plan  that  best  represents  the  profile  link.  To  do 
this  a  regression  Is  carried  out  on  80%  of  (ho  poin(s  on  (ho  profile  between  (he  transmitter  and  the  receiver.  The  equivalent  smooth 
model  plan  will  (bus  lake  the  aerial  heights  h’t  and  h',  Into  account,  which  are  referenced  to  thu  plan.  By  proceeding  this  way,  an 
antenna  having  an  actual  height  of  h,  situated  on  a  petit  U  transformed  into  a  height  h\  >  h,  above  the  smooth  ground  plan. 

2.5  tit*  of  Deygouft  method 

A  program  of  Deygout'i  algorithm  formed  by  the  National  Research  Center  of  Telecommunications  at  Unnion  (CNBT  LAW 
MUR  :  Dr  Meyer)  In  collaboration  with  the  University  of  Upper  Brittany  •  Rennes  (HUB  .  Prof.  Pihinl  served  at reference. 

The  obstacles  caught  in  Franct'i  ellipse  are  sorted  out  according  to  an  increasing  obstruction  (the  parameter  hit,  algebraically 
counted  by  comparison  to  the  edlpt*  tala,  is  maximum). 
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The  most  penetrating  obstacle  is  thus  the  principal  obstacle  here,  and  from  this  point  secondary,  tertiary,  etc.  obstacles  are 
constructed. 

Each  obstacle  is  then  approximated  by  a  knife  edge  obstacle  and  the  tost  compared  to  free  space  is  shows  by : 


adB  "  6.4 


+  20  log  jy  2  (A)J 


4  1  +  1.4  (JL)  ,  formula  of  absorption  by  an  obstacle. 


If  N  stands  for  the  number  of  Identified  obstacles  in  the  preceding  method,  the  total  diffraction  lost  caused  by  obstacle  dlffrao- 
tion  is  shown  by 

l  =  N 

adB  “  £  oidB 
1  =  1 

This  method  requires  the  following  remarks  : 

-  Fresnel’s  ellipsoid  is  reduced  to  a  simple  ellipse  in  the  crcssnection  plan.  This  is  justified  because  the  dimensions  of  the  ellip- 
aoid  are  weak  considering  the  sampling  step  of  the  TDB. 

-  the  obstacle,  whatever  its  form  may  be  at  the  peak  is  reduced  to  a  knife  rdga  obstacle ;  considering  a  rounded  obataclc  would 
lead  to  a  longer  computation  time. 

-  the  approximations  (not  the  acquisition  of  terrain)  create  irn precisions. 

-  a  value  (A)  min  is  introduced,  vich  determines  the  presence  or  absence  of  an  obstacle. 

t 

-  a  parameter  fixe*  the  maximum  number  of  obstacle*. 

For  the  Iasi  two  points,  aubsoqueni  measurements  and  difhuion  of  the  program  to  a  large  number  of  users  wilt  permit  us  to 
improve  parameter  values. 

3  Link  with  obstacles 


S 
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tats)  cbsiKle  Urn 
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(tee  iptcs  lost 
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USilllcM 

IS). 14* 

4S3^*S3^t*3^*53^iSr3^i6r!^is94^t&.mi  iomm  she-eo 

eH/wrtryeet 

24  Usa  af  Itowdowris'  sastkad 

TV  calculation  conducted  by  Footcarf  to  detarwtw  the  (bid  created  by  wan  diffnscWn  on  the  earth  and  followed  up  by 
Watson,  Van  day  Pol  and  otitatt.  bad  us  a  uniat  that  conntgn  too  slowly,  flaw  sppro  tines  tkw  introduced  frost  the  beglmUrgr  of 
cakulationi  lead  to  a  sofuiion  (ha)  nan  he  applied  directly,  houdoutb  syalhealtad  the  work  conducted  on  this  subject  to  make  a  prac- 
Ucai  application  of  U  poaaibk.  To  this  and,  the  wave  it  separated  into  two  terms : 


‘  Is  surface 


The  space  was*  stands  foe  the  sum  of  the  want  pwpagatn)  in  baa  space  and  of  the  w*va  reflected  by  the  ground.  The  surface 
was*  stamsa  for  Use  wiwsdltiracted  on  the  ground. 


>y  some  daipb  coasidsetllont  on  arrest  hafckss  ha 
wharaoniy  tba  ground  want  iuervaswa. 


aasnsged  to  isolate  Hum  caeaa  wfetra  only  the  space  «a»t  axial  and  thoae 


Under  tbesa  circumstances,  the  discriminant  parameter  is  the  numerical  height  of  antenna  q  : 
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2  a  h 
*o 


\  /  *’t  ~  c0>a 


Wi 


where  e'r  =  er  +  j  60  o  X 
antenna  height 


This  parameter  is  dimensionless  and  quantitatively  measures  the  ratio 
terittia  of  the  ground  (e  ,  o).  *ave  lenght 


while  keeping  in  mind  electrical  charac- 


In  the  lame  way,  the  distance  between  two  aerials  is  counted  in  wave  lengths,  and  is  called  the  numerical  distance. 


P  »  II  f 


ad 


X  {1  +er) 


2  Arctg 


60  o  X 


■  Arctg 


«r-l 
60  oX 


Approximations  arising  from  various  values  of  numerical  height  helpa  us  to  Identify  some  simple  formulas  that  allow  for  rapid 
calculation  by  approximating  residue  series. 

CAKDIF  applies  these  results.  However,  by  replacing  most  of  the  charts  presented  by  Boudouris  with  numerical  solutions,  we 
were  able  to  Improve  calculation  precision  and  certain  parameter  validity  ranges  considerably. 


2.7  A  well-balanced  summation  of  the  two  method," 

Deygout’s  algorithm  treats  situations  where  knife  edge  obstacles  penetrate  Fresnel’s  first  olllpsohie. 

Boudouris’  algorithm  treats  wave  diffraction  ou  smooth  and  spherical  earth. 

Each  of  these  theories  needs  to  be  considered  In  roost  of  the  cases  where  propagation  rats  ts  evaluated.  Combudn*  them  sensibly 
is  thus  of  great  importance  in  order  to  obtain  a  correct  and  global  evaluation.  Numerous  adjustments  will  allow  us  to  carry  out  a  well- 
balanced  summation  of  the  two  methods.  Tito  coefficients  of  ponderatton  can  depend  on  the  frequency  if),  the  distance  Idl...  For 
the  time  being,  the  following  approach  has  been  adopted  : 

n  Is  the  number  of  profile  points  seen  simultaneously  by  the  transmit  ter  and  the  receiver. 

If  N  is  the  total  number  of  profile  points,  the  relation  J3  characterizes  the  nature  of  the  relief  on  the  path. 

N 

Thua  *»  1  furs  fist  profile,  and  ^  -  Ufor  an  uneven  profile 
N  N 

This  mulls  In  the  following  organigram  : 


Scsniourtt'  theory  Orygcol's  theory 


NJI.  *r-i  rTVehoh/sary  rwptfmttm  <»  tx  by  nwvuurvwwnfi  The  notion  <*/  rtrihfr  end  WirtdMefwintr  riknf- 

nrfss  (he  risk  Dftonfiudnt  'hr  gpkarirwf  asrsh  wili  on  ohsswie  Aw  j«/ltri«tty  ten*  daunt  to *mtl kti&ii) <ii*m 

t  </$sf»  raweie  or  in  a  set  pshk 


,  w 


3.  ADJUSTMENT  OF  THE  CARD  IF  PROGRAM 

3.1  Adjustments  relative  to  existing  programs 

CELAR  bu  two  programs  permitting  comparisons  with  the  resulU  of  CARDfF  : 

-  GRWAVE  (Ground  Wsve)  originates  from  Marconi  Laboratories  and  was  conceived  by  Dr  Rothenm  and  his  team 
GRWAVE  is  the  result  of  research  done  on  a  residue  series  analogous  to  that  done  by  Van  dcr  Pot.  The  validity  range  announ¬ 
ced  for  this  program  is  in  the  area  of  110  kHz  ;  a  few  GHz]  but  its  computation  time  remains  high.  This  program  takes  into 
account  an  exponential  atmosphere,  but  a  parametric  study  on  the  refractive  index  n  showed  that  it  was  possible  to  compare 
the  results  with  CARD1F  (spherical  atmosphere) 

-  WAGNER  come;  from  the  Research  Center  at  Boulder  (Colorado).  WAGNER  integrates  the  spherical  earth  and  relief  at  the 
same  time,  but  presents  the  following  limitations  : 

-  prohibitive  computation  time 

•  a  restricted  frequency  range  (f  <  a  few  MHz)  due  to  required  sampling  step. 

Results  of  comparisons  between  CARD1F  and  GRWAVE  are  presented  in  sppendix  l. 

3 2  Adjustment  relative  to  mmeurerasnu 

In  the  f rente  work  of  national  exchanges,  CELAR  assembles  multiple  results  on  measurements  (land.  sea...).  The  measurements, 
whether  obtained  automatically  or  not.  give  the  following  coachstioni  for  different  frequent  It!  ranges  (40  MHz,  70  -  80  MHz. 
1 60  MHz, 400 MHz,  900  MHz...)  : 

-  certainty  that  programming  of  both  algorithms  it  coherent  and  ge>  stslixed  enough  while  considering  the  multiple  cates  en¬ 
countered. 

-  adjustment  of  parameters  where  there  is  doubt  todzy^Jl/min,  threshold. 

-  s  well-balanced  summation  of  the  two  algorithms  used  in  the  CAtUML'  preprint  (Dnygo-.it  and  itoudourii)  by  minimizing  the 
differences  between  CARJMP  and  the  measurement. 

The  Rot  results  art  very  encouraging  and  are  presented  for  different  frequencies  and  tenants  tn  sppendix  if. 

Comparisons  between  towsomtenu  tod  theoreiicxl  ctlcuiatiotu : 


S*?*  *’  ■  :  <  :  CV  tetsrat 

TvW».  .  " 


4.  OONCUiSOW 


*  A  .  ..  **  *- 


Tbs  cmlkifi  of  CAJMHF  is  ontnUaily  the  fruit  of  an  esceCsot  collaboration  between  serious  nstksnal  OtgsnizatsOhs  inch  »« 
CNET,  CtA.  the  Ministry  of  Equipment,  UH*  end  EPF.  Moreover.  it  demonstratse  the  iteetHs  nms Mty  for  esdunges  tod  col!*, 
booths*  between  designers  and  esperimeninn.  while  also  taking  into  eumidrmioo  requited  ckpeows  and  iomtmeota  Three  is  no 
dooM  that  collate* si  too  *0)  aUe*  us  to  go  seen  father  in  statistiai  shatter  of  such  effects  as : 

-  influence  of  certain  typas  of  vegsurina  and  ttthan  tones  represented  in  the  UMootamunkstsons  data  base, 
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APPENDIX  I :  RADIOELECTRICAL  DOSS  OVER  A  SMOOTH  AND  SPHERICAL  EARTH 


RESULTS  OF  COMPARISONS  BETWEEN  CARLOS  AND  GRWAVB 


•  CARLOS.  drtfoped  by  OiLAR.  a  ibe  ptafi «*  uta*  of  SuUUOtttUS’  ALCOttltttM 


9-12 


DISCUSSION 


HJCuschel 

There  exists  a  data  base  including  surface  structure  information,  the  DLMS  (=  digital  landmass  system),  which  has  a 
resolution  of  about  1/10  of  a  geographic  second  for  man-made  obstacles,  like  buildings  and  power  lines,  and  for  forests. 

I  suppose  you  did  compare  your  theoretical  model  to  that  of  A.G.Longley  and  P.L.Rice,  who  developed  the 
‘Transmission  loss  prediction  model  for  tropospheric  radio  links”  in  1967  based  on  the  same  theoretical  considerations 
of  Bremmer,  van  der  Pol,  Norton,  Fresnel  ct  al.? 
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COBRECTIMG  BAY  FIELD  FAILURES  CAUSED  BY  FOCUS  It;  0  IK  AH  IHKOMOGENSOUS  DUCT* 
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^UMMARY 

"P*  Ducting  due  to  an  inhomogeneous  refractive  index  profile  affects  the  propagation  of 
eiectrosagnetlc  signals  in  various  regions  of  the  earth's  onvironeent.  At  high  frequen¬ 
cies  ray  method*  afford  a  versatile,  and  nuaerlcally  easily  lmplamentable,  sethod  for 
predicting  the  field  at  the  receiver.  However,  when  ducting  occurs,  sultiple  refractions 
of  the  confined  rays  cause  field  enhanceeent  due  to  focusing,  and  when  there  la  an  air up t 
change  in  the  ducting  profile,  critically  incident  and  glancing  rays  cause  diffraction 
and  shadowing.  The  ray  algtritbe  falls  in  thaae  transition  regions.  To  repair  these 
deficiencies,  one  say  eliminate  the  trouhlesoee  rey  fields  end  fill  the  spatial  spectral 
interval  vacated  thereby  with  guided  sodas  end  reseinder  fields.  This  technique  bee 


previously  been  incorporated  In  a  hybrid  ray-soda  theory,  which  accomplishes  ths  desired 
objective  and  also  furnish*#  lsportsnt  physical  insight  into  ths  associated  propagation 
phenomena,  but  its  implementation  require#  calculation  of  tha  relevant  guided  sodas  and 
resalndars,  which  may  bb  inconveniant .  By  a  new  alternative  approach,  first  Introduced 
into  selssology ,  we  explore  here  the  effectiveness  of  filling  the  trenslttonel  spectral 
intervals  with  Oauaatan  beams,  Gaussian  baas  fields,  because  of  their  smoothed  profile, 
do  not  experience  tha  violent  transitional  behavior  of  ray  fields. rf  Moreover,  in  the 
usually  employed  paraxial  approximation,  thay  arm  treckmd  by  alaple  modification  of  the 
ray  algorithm.  However,  due  to  the  smoothing,  the  fields  synthesis**  by  Gaussian  boas# 
may  lead  to  inaccuracies,  and  due  to  an  inherent  arbitrariness  in  ths  Uses  superposition, 
ths  method  doom  not  as  yet  have  e  priori  predictive  capability .  Specific  aspects  pertain¬ 
ing  to  the  oeussien  bees  sethod  ere  explored  here  on  a  model  aurtec*  dttet  with  exponen¬ 
tial  refractive  index  profile  In  height,  hounded  on  on*  aide  by  e  perfect  boundary.  In 
this  model  environment,  emphasis  Is  pieced  on  wave  phenomena  pertaining  to  multiple 
reflected  rays,  particularly  phenomena  near  caustics  generated  thereby. \  These  problem# 
have  not  bean  expesad  previously  to  treatment  by  oausslen  beams.  Detailed  numerical 
coapex  Ison#  of  the  asymptotic  conventional  ray  and  tha  Gaussian  beam  options  with  an 
exact  generalised  ray  reference  solution  can  lead  to  an  assessment  of  tha  advantages  and 
drawbacks  of  tbs  Gaussian  beaa  method.  Tbs  first  phase  of  theme  investigations  is  report¬ 
ed  here.  \ 

I.  imooucTtoa 


tn  the  earth's  natural  envtronaent,  the  physical  parameters  may  vary  in  a  manner  so 
mm  to  form  ducts  for  the  propagation  of  electromagnetic  waves.  Examples  are  provided  by 
the  temperature  induced  refractive  index  variations  In  ths  atmosphere  and  by  aitgntd 
ionisation  i»  the  Ionosphere  .Mp  eel  ally  at  short  wavelengths  compered  to  duct  dimension*, 
propagation  tn  euch  ducts,  whose  proper*. i-t*  may  vary  longitudinally  and  laterally  as  well 
as  is  height,  can  he  described  affectively  in  terns  of  ray  fields,  which  can  be  tracked 
by  numerical  algorithms  even  under  complicated  conditions.  An  inconvenience  in  theme 
calculations  la  tha  naad  to  correct  for  ray  field  (allures  in  convergence  mooes  near 
caustics  aid  foci,  and  aieo  the  abmance  of  rey  fields  in  refraction  shadow  monos,  norm- 
over*  Is  long  range  ducted  propagation,  ray  caustics  pile  up  at  tha  source  ana  conjugate 
source  levels  so  that  correction  for  individual  caustic*,  even  if  it  could  be  performed, 
would  to  tradeguets  til.  Thus  for  rollabia  end  continuous  (laid  tracking,  it  is  necessary 
to  treat  the  troublesome  ray  field  regions  in  anotbar  manner. 

Oaa  remedy  has  bean  to  flit  the  angular  opectrua  interval  occupied  by  tha  troublaeoa* 
rays  with  modes.  This  gives  rims  to  «  rigorous  hybrid  ray-mod*  aigorltaa  eoapriatng  legi¬ 
timate  reyo,  modes  and  remainder  fields  (usually  mil)  to  wnaure  smooth  blending  of  the 
ray-mode  mis  ra.aj,  wile  this  scheme  furnish**  some  basic  insights  Into  the  propagation 
mecamnlaaa  and  works  effectively  in  analytical  teat  prof ties,  it  remains  to  be  extended 
to  sore  darner el  environments,  especially  thorn*  specified  numerically  instead  of  analyti¬ 
cally.  CVoa  to*  an* lytic  profiiea.  it  la  nerasairy  to  calculate  certain  mode  troupe  which 
say  ha  nuaerlcally  inconvenient .  This  does  mot  imply  by  may  moans  that  ths  hybrid  ray- 
soda  formulation  is  fOUM  wanting  put  merely  that  us  full  potential  for  general  propaga¬ 
tion  environment*  remains  to  be  further  explored . 

An  alternative  method,  designed  especially  to  ccpe  with  complicated  saviroesaetel 
coed It loss  C«3,  replace*  the  ray  field*  with  paraxial  Gaussian  haems.  Gaussian  beam*  have 
the  advantage  that  they  remains*  defined  slow  their  entire  trajectories,  even  tn 
focusing  regions  of  ths  eoawsmttomml  ray#,  ta  tha  paraxial  retina,  they  can  ha  traces 
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like  rmal  ray  a.  but  with  wavafronta  wheso  curvature  is  cop  lax  •  Algorithm#  153  have  been 
developed  to  track  tb«  phaaa  and  amplitude  0 f  individual  paraxial  baa a  fields,  and  to  use 
thaa  in  dlacreUmed  aupar pociticn  to  cover  the  vicinity  of  a  given  observation  point. 
Tbis  technique  vac  first  introduced,  and  is  now  widely  used,  in  seismology.  A  aajor  dif¬ 
ficulty  witb  its  implementation  is  tbet  although  its  theoretical  foundation,  based  on 
continuous  spactrua  asymptotics,  can  be  justified,  the  nueericel  implementation  in  dis- 
cretlssd  fora  involves  arbitrarily  assignable  free  paraaeters  describing  the  beaas  and 
their  location.  Moreover,  the  snoot king  inherent  in  replacing  rays  by  paraxial  beaas  say 
reaove  spectral  content  oitfc  consequent  lose  of  resolution.  Thus,  the  Gaussian  beea 
aetbod  (GW)  is  deficient  in  tbet  it  doea  not  as  yet  heve  a  priori  predictive  capability, 
it  baa  been  naesaaary  to  'tuna*  tba  pareaatera  by  comparison  witb  test  problems  solved  by 
other  methods.  X*79rtbwless.  the  procedure  holds  sufficient  promise  to  werrent  ite  fur¬ 
ther  inveetlgation.  Rigorous  techniques,  though  at  the  expanse  of  greater  complexity.  ere 
being  developed  to  put  the  method  on  a  sound  footing  but  this  stage  baa  only  just  been 
initiated  C6.73. 

lecause  of  tbe  above-noted  potentially  desirable  features,  it  is  worth  investigating 
GSM  ulso  for  electromagnet lc  propagation  modeling.  The  present  paper  explores  tbie  con¬ 
tingency  for  a  aodei  ducting  environment  that  bee  bean  analysed  previously  by  ray  and  by 
hybrid  ray-node  aetboda,  witb  tba  latter  invoked  to  repair  the  failures  of  asymptotic  ray 
theory  (ART!  in  ray  caustic  snd  other  transitional  dose ins.  Because  dlacretised  GSM  is 
not  as  yst  s  rigorous  discipline,  it  is  necessary  to  explore  the  spectral  characteristics 
of  different  bass  stacking  arrangements  to  assess  tnalr  basic  properties  end  limitations. 
The  present  etudy  is  e  first  step  in  tbis  direction,  we  ask  very  specifically  how  wall 
particular  base  arrangements  in  a  given  angular  spectrum  interval  xn  a  surface  bounded 
duct  -predict  tba  field  along  ray  trajectories  after  successive  multiple  reflection,  in 
the  presence  of  caustics.  The  reference  solution  is  calculated  numerically  along  a  "gene¬ 
ralised  ray*,  which  is  given  by  an  exact  traveling  wave  field  integral,  tbe  asymptotic 
solution  of  which  generates  the  conventional  ray  field.  Although  our  teat  environment  is 
idealised,  the  spectral  behavior  of  the  beams  found  therein  is  expected  to  characterise 
se  wall  the  behavior  in  sore  realistically  modeled  tropospheric  channels  C73.  Because  of 
our  previous  experisnes  with  "exponential  surface  ducts*,  this  test  environment  wss  s 
logical  choice. 

In  whet  follows,  we  state  tbe  aeeuaed  model,  show  the  ray  paths  pertaining  to  it, 
list  tba  previously  derived  full  field  aru  generalised  ray  spectral  integrals,  and  brlaf- 
ly  summarise  the  hybrid  ray-soda  formulation.  We  then  proceed  to  the  Gaussian  beam 
method,  discuss  its  properties,  list  the  relevant  equations,  and  define  tba  question 
which  is  to  be  addressed.  Numerical  results,  me  yet  lncoeplete.  nevertheless  allow  us  to 
draw  certain  conclusions. 

11  .MODAL  COW JU9U RATION 

We  shell  explore  the  quest ions  posed  in  the  Introduction  on  the  eodel  duct  shown  in 
rig.l,  which  is  comprised  of  e  medium  with  exponentially  decaying  refractive  index  along 
the  height  coordinate  x.  away  from  e  reflecting  boundary  at  x-0.  (hesitation  is  froa  e 
time  harmonic  line  source  of  magnetic  current  located  at  (x'.a*)  so  that  the  aegnetlc 
field  component  Hy  •  <3  satisfies  the  two-dime naionai  Green's  function  equation 

♦  — -  ♦  kana(x)  jou.a.x'.x')— 4U-x')h<i>  (i> 
«x*  as3  J 

whore  k-<*/v  is  tae  wave  number . 


n(x)*oxp(-x/a)  xto  <a> 

is  the  refractive  index,  end  *e*  is  a  comtant  which  determines  tbe  rate  of  variation  of 
tba  profile.  At  x*G.  6  sat i alias  the  boundary  condition  waxL^j  ■  0.  A  time  dependence 
exp(-UK)  is  suppressed,  By  constructing  an  iaege  profile  n<x»**exp«x/a> ,  xio,  and  placing 
an  image  source  at  x—x ' .  one  produces  e  eodel  problem  for  e  full  duct  with  e  v-type 
profile,  which  resembles  realistic  conditions. 


ri2.i.  tMKMwxwneoua  duct  geometry.  Use  move  or  a  is  located  *t  height  »*»', 
ran#e  **0»  «r  ixagHtg,  the  solution  applies  also  is  e  full  v-type  duct. 
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III  BAT  fOBWIUTiOM 


Ray  paths  cosputsd  from  a  dynamic  ray  tracing  program  CP]  Tor  tha  duet  of  rig.i  art 
ah own  In  rig.2.  Tha  formation  of  aultlbranobad  cauatlca  aftar  aultlpia  raflactlon  la 
avldant.  f 1th  lncr earning  number  of  raflacttona  and  range  distance  a.  one  branch  of  tbaae 
caustics  approaches  the  horlaontal  direction*  end  successive  branches  therefore  pile  up 
near  the  height  coordinate  s'  that  defines  tbs  source  location.  The  other  branch  of  the 
caustics  is  directed  toward  the  boundary  and  intersects  it. 

NORMALIZED  RANGE  - ► 


(a)  downgoing  rtyt  at  the  sourcei  ray  species  3-1  (upgolng  at  observer) 
and  j«*3  (downgoing  at  observer) . 


NORMALIZED  RANGE 


(b)  upgoing  rays  at  the  souicti  ray  species  }«3  (upgotag  M  observer) 
and  J»4  (downgoing  at  observer) . 

fig .a.  tsy  paths  and  caustics  f*c  surface  reflected  rays,  with  identical  normalisation 
used  for  height  and  range  coordinates,  ^or  clarity,  only  a  portion  of  tha  raye 
corraepondlng  to  various  reflection  indices  n  has  bean  plotted.  Alao  ehown  ere 
the  Intervale  covered  by  the  nuserlcel  results  in  fig .9  and  flg.a.  «Ua  profile 
gradient  a»iM4t . 
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Tba  generalised  ray  integral,  which  describe*  tha  cocolete  spectral  object  whose 
asymptotic  epproxlamtion  yields  the  geoeetrical  ray  field,  can  he  derived  from  the 
spectral  representation  of  8  C3J 


Oix.s.x'.s'l  » 


ike 


[«J 


u,(gx)+BuH^a>  c*x 


][" 


y11  (tj. 


eU?#d< 


(3) 


where  the  reflection  coefficient  froe  the  upper  boundary  la 


Rjj  ■  "  Hy  (tgl/Hy  (tp)  (4) 

and  the  argument  of  the  Henkel  function  is  e»  »  ka  expc~u/a>,  u-x.x'. 

The  desired  representat ion  leading  to  the  asyaptotic  and  generalised  ray  series  say 
be  developed  by  expanding  the  denoainator  in  (31  as 

c-Rui-1  •  J  rS  ♦  rT^u-v  <s> 

n«0 

with  suhseguant  regrouping,  A  typical  generalised  ray  field  is  then  given  by  cioi 


where 


a(x.a,x'.s>) 


ike 

3 


<f*n) 

'u 


Vj(x.x')exp(lkts)d<; . 


'cnJ 


xix* 


(61 


Hy"  (tx)Hy3>  («x.l 

for  J-l  and  2 

Hy8’ <ax)Hy3"a>(«X.> 

for  J-3  and  4 

(?) 


(t*n)  is  the  number  of  surface  reflections,  with  t-<o,o,i.n  for  J-1.3.3  and  4.  The  index 
]  orders  ray  species  according  to  their  directions  cf  departure  froa  the  source  and  ar¬ 
rival  at  the  observer.  For  an  observer  on  the  upper  boundary,  the  nuaber  of  species 
reduces  to  two  because  of  the  serging  of  spaclea  U .3)  and  (3.4)  (eee  rig. 3).  The  integ¬ 
ration  contour  CnJ  paeaes  through  the  eaddle  point  nJ  as  shown  in  rig .3. 


rig .3.  Integration  path  in  the  coepiex  (-plane. 

Asymptotic  evaluation  of  (3)  by  the  set hod  of  atespsst  descents,  with  Henkel  functions 
approximated  hy  their  Mbye  asyeptottc  fores  whenever  Iv  -  t|>0(y1/3).  yields  the  fit jt 
order  saddle  point  contribution.  the  AST  fietd  C31. 


with  phase  function 


and  aaptltode  tare 


g^jto  -  2<t*n>&(0.{>  *  Ijt(x.g)  ♦  SjKx'.O  ♦  st/a 

l  ^ 

"  a*  7*-su/n  _t3)7/4 i#-ax V4_ta>  1/4 


(8) 


<».a) 


<*.h> 


mat 


Here#  l]"(4-i,+i#-i,-i),  Sj* (+1.-1 ,4-1  ,-i>  and  Y<*i'1'1,+S1  for  J“<i*a»3.4>.  and 

t(x.<)  -  «j  _  {2  -*co8-1(t/e_x/*)  U 

The  saddle  point  <,>n]  la  dataralnad  fro*, 

q,ijtt>  “  0  <» 

and  together  with  the  following  aacond  darivatlva  yield*  the  aquation  for  tba  cauatica 


2(T+n) 

*nj‘<a.nj>  -  ~  j  ;  5  ♦ 


-2x/a  _  ?2 


,-2xVa  _  ?2 


Bqa. (8) -(121  have  baan  aaployad  in  our  calculatlona  of  tba  AST  field*  along  tha  r«ya  of 
Plg.3.  and  tha  raauitv  agree  with  tboaa  fro*  our  laplenentatlon  of  tha  dynamic  ray  trace 
code  UIS83  £93 .  Saar  a  cauatlo,  where  qSi<<a  ni,_>0'  th*  failure  of  ART  raqulraa  a  cor¬ 
rection  algoritba.  Although  it  la  possible  toperfora  auch  correction*  near  laolated 
cauatica  by  unlfora  (Airy  type)  tranaition  functlona,  tbla  procedure  break*  down  whan 
cauatica  pile  up,  Moreover  it  raqulraa  careful  bookkeeping  of  aacb  ray  encounter  with  a 
cauatic,  which  bacoaaa  cumbersome  in  tba  preaence  of  tba  aultipia  reflections, 

IV.  HYBRID  RAT-BOOB  FORMULATION 

A  different  alternative  for  repairing  tba  tranaition  region  failure  of  AST  is  to 
ecpioy  tba  rigorous  equivalence  (23  between  a  group  of  ray  fields  and  a  group  of  nodal 
fields  (with  an  appropriate  remelndar  field)  to  construct  a  hybrid  ray-soda  algoritba  for 
th«  total  flald.  Tba  sodas,  which  have  no  convergence  problaaa  near  ray  cauatica,  serve 
to  .replace  the  angular  spectrua  of  troubleaoaa  cauatic  foraing  rays.  Tba  hybrid  coabl na¬ 
tion  aust  be  updated  for  different  observer  locations  but  it  has  tha  advantage  that  a 
fixed  nunber  of  surface  guided  sodas  can  account  for  tha  transitional  behavior  with  range 
dlataf;"e  if  tba  notion  of  the  observer  is  confined  to  helqbta  not  too  far  froe  tba 
boundary.  The  rays  are  used  to  describe  tha  fields  far  froa  tba  boundary. 

Although  tba  hybrid  net hod  la  useful  for  the  present  probiaa  If  source  and  observer 
are  located  not  too  far  froa  the  boundary,  it  requires  calculation  of  tha  relevant  soda 
(and  rasalndar)  fields.  In  addition  to  tha  ray  fields  (aee  Cl, 33  for  various  strateglaa) . 
Tba  Oaussian  baas  algoritba.  to  be  discussed  next,  could  avoid  tba  need  for  hybrid  decoe- 
poeition  but,  as  noted  earlier,  its  predictive  capability  ana  accuracy  are  as  yet  open  to 
question. 

V.  OAUSSIAN  SIAM  NBTHOD  (OSH) 

A,  General  Raaarka. 


A  principal  activation  for  tba  present  study  ia  tha  perforaance  of  tha  Oauaslan  baas 
aathod  when  a  wevsfleld  In  an  lnhoaogeneous  ducting  environaent  undergone  aultipia 
cauat ic-foralng  reflections.  Tbla  goes  beyond  tba  encounter  of  direct  rays  with  a  single 
caustic,  which  baa  received  such  attention  C43.  A*  sectioned  previously,  a  major 
advantage  of  OSM  is  the  use  of  dynaaic  ray  tracing  without  regard  to  cauatica  becausa  tha 
paraxial  baas  fields  do  not  diverge  and  are  continuous  there.  However,  establishing 
accuracy  ia  another  natter.  Before  exploiting  this  question  bare  we  review  briefly  the 
foundation  of  tha  aathod. 

By  tba  CUM,  tha  fields  radiated  ay  the  source  are  modeled  along  rays  which  serve  as 
trajectories  of  paraxial  Oauaslan  beans.  Tba  paraxial  bees  fields  are  computed  via  the 
parabolic  aquation  aathod  which  yields  baas  like  solutions  of  the  wave  aquation  concen¬ 
trated  is  tha  vicinity  of  central  rays.  The  total  wave  flald  at  any  observation  point  is 
than  deternined  as  tba  discrete  superposition  of  individual  Oaussian  beans  which  have 
traversed  the  propagation  environaent  on  their  way  froa  source  to  observer.  Tha  basic 
theory  was  developed  by  Babich  till,  Babich  and  Buldyrev  033,  and  Babich  and  feiditatovs 
c 133 *  the  Uttar  suggested  expansion  of  e  high  frequency  wave  field  as  e  Klrcbhoff-type 
integral  over  hsaae  centered  on  rays.  Based  on  this  study,  Popov  c 143  proposed  e  disc  ra¬ 
ti  had  version  for  coapuutlon.  new  known  as  tba  Oaussian  Baas  Method  (OBM). 

The  Bathed  .has  been  applied  extensively  to  seieaic  wave  fields#  utilising  primarily 
the  basic  numerical  code  MIU3  c»J ,  which  we  have  modified  to  eccoeedete  beams.  Previous 
seisaie  results  have  been  reported  in  (43  end  C1S3-£16J.  A  recent  eoeprebensive  paper 
C»*J  auaMriaes  the  tspaet  of  am  on  selenology.  Btitl  locking  is  e  systematic  and  pre¬ 
dictive  approach  C303  to  determine  the  various  par ass  tars  in  the  dsuaslen  bees  algorithm# 
l.s..  tbs  number  of  beams,  widths  of  individual  baaaa  sad  the  required  width  of  e  beam 
bundle. 

Two-dimensional  paraxial  bees  propagation  is  based  on  tbs  parabolical ly  reduced  wavs 
aquation  (43. 

“  *a  *  *vv  “  Tns  *  •  ®  ***> 

•hose  solution  «  aloag  rey-oentsrsd  coordinates  <s#n>  (ass  Pig. d)  generates  tbs  aevefield 


(14) 


l(W 


«(a»n)  -  ^  »(•)  ezpjiu  f  “r-1  W(o.n) 

where  v  *  *Cn.  In  (19),  subscripts  denote  partial  der.vativez.  In  explicit  fora, 

O(a.n)  -  f  fj,  f*  g-  *  *  2  E™  A 

L  ««->  J  1  a  «<•>  J 

where  p(s)  and  q(s>  ara  aoiutlona  of  tha  dynaalc  ray  tracing  ayatan.  The  paraaatara  p  and 
q  ara  raal  for  conventional  AST  ray  tracing  but  they  ara  coaplex  for  Oauaaian  haaaa.  Fol¬ 
lowing  C4J,  tba  wave  fiald  at  a  point  P  dua  to  a  given  aourca  distribution  la  rapraaantad 
ax  a  continuous  auparpoaltion  of  angularly  diatributad  Oauaaian  haaaa. 


0(F)  » 


£ 


#(v>(J,(a.n)dv 


(id) 


with  *  danoting  a  coaplaz  weighting  function  that  ensures  that  tba  asymptotic  evaluation 
of  tha  Integral  agrees  with  wbat  la  obtained  by  ABT  outside  ray  transition  regions. 


Flg.4.  (a)  Say  cantered  coordinates  (s.n>  and  Oauaaian  baas  of  width  to  at  tba  aourca, 
(b)  Various  paraaatara  applicable  to  tba  OMC. 

For  a  line  aourca.  (16)  bacoeee 


0<w  ■  3  foP 

The  dlaoretiaed  version  for  ooaputetlon  la 

N 

0(F)  >  J  ♦(ej)Of  (a.niaa  , 
1-0  1 


.  y  -  -»l| 


mas  •  at 


(17) 


(IS) 


where  et  are  tba  baae  axle  i oca t Iona  and  dtp  la  the  angular  interval  between  thee. 

I.  Application 

to  teat  one  aspect  of  tba  quality  of  Oauaaian  bean  stacking  for  tba  auitipia 
reflection  envlronannt  of  Vig.a,  we  poea  a  wary  apaoifie  problee.  Wa  specify  a  particular 
angular  apectrua  interval  ag.en*  fill  this  interval  at  equal  angular  increaante  6w-(a*)/N 
with  H  haaaa  living  beaawldtha  Lq  at  the  source.  The  paraaatara  40, aw,  H  and  in  (sea 
Fig .4)  are  selected  by  numerical  super  leant  such  that  the  stack  of  baeae  reproduces 
oorreotly  the  A)tV  field  where  that  la  valid,  doth,  in  turn,  ara  coaparad  with  tba  nuaari- 
tally  evaluated  fanaraiiaad  reference  ray  flats  in  id),  da  now  aaak  to  da  tar  nine  how  the 
fields  generated  by  a  base  stack  "eptlalaad*  around  a  ray  in  a  particular  refiaetloa 
doeem  bafcava  whan  that  ray  paaaaa  on  to  anotbor  rwf  loot  ton  doaain.  Placing  tba  aourca  at 
t*»i,0  and  tha  ahaarvar  on  the  boundary,  wa  have  surrounded  each  relevant  ray  la  fig. 3 
aymatrleaiiy  with  a  bundla  having  W-37  equally  spaced  baaaw  with  walat  located  at  tha 
source  point.  Tba  baas  width  In  and  tba  beat  spacing  aw  "<4d>/w  ara  adjusted  for  optlal- 
aation. 

Tba  raaulta  ara  ahown  in  Figa.  s  sad  s  for  j-l  and  3*2.  raspactivaty.  In  rig.  t(a>. 
covering  ease  A  of  rig.  a<n>.  optlaialag  the  direct  ray  field  n-o  (j-l)  with  bane  bundle 
paraaatara  Im/a-9.4.  40*0.40  radians,  yields  area n ant  agraaaant  with  Air  and  tba  nuanri- 
oal  latagratTon  of  the  ray  Integral  (HD  for  »>I3.  than  a  ray  la  this  group  paaaas  on  to 
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IGI*  ICf1 


0  (rad)  NORMALIZED  RANGE 


•  •  G  0  M  XX  ART  -  N 1 


rig. 5(a) .  Magnitude  and  phase  of  the  fieid  0  on  the  surface  in  the  various  observation 
regions  of  rig ,3<a)  for  rar  species  )-l .  Bean  stack  paraaeteraiN-37,A«e<At>/’N 
for  given  Ad,  been  walata  at  source  location.  Baas  stacks  opt  ini led  for  ivd 
are  coapared  with  baaa  stacks  optlslsed  for  n«3,3  in  their  respective  doaalns. 
Other  pareaetersi  n-0  CRegion  A  of  rig. 3(a)],  with  optialsed  values  Lq/x-3 .4 
and  Ad*0.d  radians. 

suceaaslva  reflections  nel.3,3  ()«1>  corresponding  to  cases  B.C.D  of  rig.aial,  with  the 
bees  bundle  unaltered,  tbe  agraesent  daterioratea  steadily.  This  is  shown  in  rig.  3(b) 
for  n-3  <J«1>.  It  is  to  be  noted  that  for  )-l.  ray  caustics  do  not  intercept  the  surface. 
Therefore,  all  rays  in  this  category  define  ordinary  ray  fields,  for  which  tbe  reference 
solution  (Ml)  is  generated  without  difficulty  and  ART  is  valid  as  long  as  the  ray  direc¬ 
tion  at  the  source  is  not  nearly  horisontali  when  ART  deviates  froa  MI.  this  inplles 
proklalty  to  horliontal  launching.  Also  plotted  in  rig.  S(b>  era  tbe  such  better  results 
obtained  when  the  bean  bundle  at  the  source  is  opt  inland  for  n«2  ()»i)i  tbe  parameters 
here  are  Lq/x.»3.«.  a**o.!46.  Passing  on  to  n»3  <)*l>  in  rig.  S(c)  and  coopering  with 


w] 


jSs  U«l)  optlalaad  btu  bundle  par  forma  ratbar  poorly  on  tba  <1  tract  ray  n-0  »)■!>. 

roc  ray  apaelas  1-2  in  rig.  2(b).  tba  aultlpla  reflected  ray  cauatlea  lntarcapt  tba 
boundary  x-0 .  A*  tba  cauatle  la  approached  froe  tba  llluainatad  aide.  APT  groaaaltboot 
bound  and  ylalda  no  panatratlon  into  tba  cauatle  abadow.  Tba  Oauaaian  baaaa  traaaraa  tba 
cauatle  tranaltlon  aaootbly  but  eltb  Inconalatant  accuracy.  Typical  raaulta  ara  aboan  In 


ri«.b(o).  caption*  «a  in  ri«.b(o).  other  perosotorsi  irt  Cbogioa  D  In  rtg.ato)}.  with 
optiniood  rolues  Lq/juM.O  ond  MKO.h  red' ana. 


rjfl.h  for  n-l  t}-3>#  corresponding  to  cut  B  tn  ftp .3(b).  Using  tM  bona  stock  opttotooO 
for  n«©  < J-t>  os  In  rig.BU)  yields  poor  egreeeent  hero.  tko  ouch  bottor  behoved  opti- 
oimo  stock  boiee  onotith  parses  tore  *#•<>.  e.  Tbo  reference  solution  mi  is 
oboes  only  lor  D31.0I  Minor  tool  dlffleultloo  (which  persisted  up  to  tbs  no  miser  Ip  t 
subslsolon  deadline  but  con  undoubtodir  bo  rosowod)  worn  oncountorod  for  see  Her  ■  *o» 
luo*.  Otbor  colculotiono.  not  included  boro,  prosont  o  picture  consistent  with  tbs  ciUoor- 
rotloos  shows. 
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PHASE  B  (r»d) 


nc.6.  As  in  Pig. 5.  hut  for  ray  species  j-2  In  Region  E  of  rig. 2(b),  with  n-1. 


OOMCLUSIOMS 

Ik  tnls  study.  ws  have  tnvastlgatsd  tha  Otusslnn  baaa  sat hod  (OBM)  for  multiple 
raflsctad  ray  fields  In  a  nodal  surfaca  duct  (or  equivalently,  a  syaaatrlcal ly  axel  tad 
full  duct  with  a  V-typa  refractive  Inrtwx  prof 11a).  The  purpose  has  bean  to  ascertain 
whether  a  baas  stack  that  tdequately  represents  the  field  ct  observation  points  along  a 
particular  ray  sag sent  corresponding  to  a  certain  nuaber  of  reflections  continues  to  be 
adMuate  along  ray  eegsents  with  a  different  nuaber  of  reflections.  To  standardise  the 
choice  of  baas  paraseters,  the  beass  have  been  equally  spaced,  their  wnlst  has  been 
placed  at  the  source  point,  and  their  nuaber  kept  constant.  This  sade  the  bees  width  at 
the  waist  and  the  spacing  Interval  the  f roe  paraseters.  Sy  eoeperlng  wits  ART-  when 
valid,  and  with  u  reference  solution  MI  obtained  by  nuserlcel  Integration  of  the  erect 
ray  Integral,  it  has  beer  found  tbet  tbe  bees  stack  could  be  opt l aimed  for  eech  reflec¬ 
tion  order  but  chat  a  stack  optlatietf  for  one  reflection  order.doee  not  resaln  optlstsed 
for  other  reflection  orders.  Optislsstior;  aere  was  acbiavsd  by  nuserlcel  experiment i  tbe 
•optlstsed-  par  austere  give  good  egreosent  hut  Mould  not  pe  regydsdes  Msolute. 

The  reeulte  described  above  point  out  the  dlleeaa  of  tbe  QH.  The  (MM  Is  attractive 
because  of  lte  smooth  behavior  across  caustics)  however  Its  e  priori  prod let lv#  capabili¬ 
ty  is  an  open  question.  The  -numbers  ea*-)-  can  always  be  played  against  a  reference 


solution  fo  a  particular  obaarvation  doaain  along  a  ray.  but  tbare  la  no  guarantae  that 
tba  baaa  stack  aatabllsbad  in  this  Banner  raaaina  adequate  in  ot bar  obaarvation  domains 
along  that  ray.  This  has  baan  daaonstratad  bars  for  multipla  reflections  or  refractions 
in  a  refracting  duct.  It  remains  to  be  seen  whether  this  defect  is  fundamental  in  the  SBM 
or  whether  it  can  be  attributed  to  the  paraxial  approximation.  In  other  tests  C53,  it  has 
baan  found  that  tracking  beam  stacks  with  full  complex  spectra  restores  accuracy  where 
tbs  paraxial  approximation  falls,  it  is  intended  to  perform  such  a  study  here. 
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SUMMARY 


continued  interest  in  accurately  assessing  and  exploiting  evaporation  ducting 
affects  has  resulted  in  some  recent  work  summarized  in  this  paper. 

Available  evaporation  duct  height  and  path  loss  models  are  compared  • 
This  includes  both  sensitivities  of  duct  height  values  to  meteorological  inputs  and 
agreements  between  different  path  loss  models.  The  models  compared  arc  those 
.developed  by  Jeeke  (ref  7),  Hitney  if,  and  Rotheraa  feef-  *);  Reasonable  agree¬ 
ment  of  duct  height  calculations  and  path  loss  values  derived  Cron  the  different 
models  was  obtained  when  applied  to  statistically  averaged  meteorological  Inputs. 
Commonly  used  point  measurements  were  found  inadequate  for  reliable  evaporation  duct 
assessment.  This  led  to  the  suggestion  of  a  now  shipboard  deployable  sensor  using  a 
single  temperature  sensor  for  air-sea  temperature  measurements. 

cBoth  long  time  statistical  duct  height  averages  ana  individual  data  seta  often 
contain  unusually  high  duct  heights  not  supported  by  propagation  measurements. f-Paulua 
(ref  5)  analysed  the  meteorological  conditions  and  found  a  bias  in  commonly  used 
measurement  techniques  toward  stable  conditions,  lie  proposed  a  correction  algorithm 
and  demonstrated  its  utility  convincingly  on  a  sot  of  radiometeorological  measure¬ 
ments  .  \ 

The  optimum  frequency  for  utilisation  of  the  evaporation  duct  for  long  range 
surface  detection  appears  to  be  in  the  10-ao  GHz  band.  This  is  illustrated  by  cal¬ 
culating  surfaae  detection  ranges  for  hypothetical  radars  equivalent  in  performance 
parameters  but  operating  at  different  frequencies  (ref  6). 


PREFACE 

The  vertical  decrease  of  relative  humidity  from  tool  «t  the  air-sea  boundary 
results  in  a  rapid  vertical  decrease  of  the  refractive  index.  Electromagnetic  waves 
traveling  close  to  the  water  surface  may  be  significantly  Influenced  by  such  «  refrac¬ 
tive  index  distribution  and  in  extreme  cases  may  be  very  efficiently  ducted.  This 
oceanic  evaporation  duct,  which  im  found  to  some  degree  near!/  all  the  time  over  ail 
oceanic  areae.  Is  of  particular  importance  for  over-tho-horUon,  uurface-to-uurface 
radar  coverage.  It  is  an  important  factor  in  the  low  flying  ahip-to-shlp  missile 
problem.  To  illustrate  some  fundamental  properties  of  the  effect  of  the  oceanic 
evaporation  duct  on  radio  propagation,  two  vertical  distributions  of  the  modified 
refrectivity  profile  are  shown  in  figure  V.  (Modified  refractlvity  M  »  (n-1)  ■  10  » 
h/s  •  10*1  n  “  refractive  Index,  h  »  height  above  the  surface,  a  **  earth's  radius.) 
The  dashed  line  represents  no  evaporation  ducting  while  the  solid  line  is  repre¬ 
sentative  of  good  ducting  conditions.  Figure  1  shows  the  vertical  diotributlon  of 
path  loea  for  the  two  refractlvity  distributions  a  seining  a  19-nsl,  9.6  Hits  over-water 
propagation  path  with  one  terminal  at  16  feet  above  the  water  (path  loss  is  the  ratio 
i  in  do  of  transmitted  to  received  power  assuming  isotropic  antennae) .  The  daahod  curve 

j  in  figure  2  indicates  a  decrease  of  path  loss  (or  an  increase  of  signal)  with  height. 

The  solid  curve  corresponding  to  the  solid  M-curve  in  figure  i  shews  a  minimum  In  path 
loss  (or  a  maximum  In  received  signal)  at  a  height  of  about  id  feet.  At  this  height 
■  the  eignei  enhancement  over  ho  ducting  conditions  is  63  do.  Signal  enhancements  of 

such  a  magnitude  mmphtaite  the  importance  of  the  oceanic  evaporation  duct.  (The  solid 
curve  in  figure  2  must  not  be  extrapolated  beyond  the  height  plotted.  It  will  not 
arose  the  "no  ducting*  curve  but,  depending  on  horiron  range,  increase  with  altitude.) 
The  presentation  of  figure  2  may  el, no  be  used  to  determine,  antenna  freights  for  optimum 
utilisation  of  ducting  Conditions.  For  example,  an  antenna  at  a  height  of  *«  feet 
would  receive  U  dB  lees  signal  than  an  antenna  st  IS  fast.  Nonetheless,  the  signal 
enhancement  from  evaporation  ducting  would  be  30  dB  for  the  hlgn  antenna.  A  fact 
frequently  overlooked  is  that  signal  enhancements  from  evaporation  ducting  are  usually 
encountered  tor  all  possible  antenna  height a  on  board  ship. 

A  convenient  parameter  for  the  description  of  ducting  conditions  is  ‘duct  Height* 
defined  a*  the  height  et  which  the  N -curve  attains  lee  minimus  value.  Thus,  the  solid 
curve  In  figure  l  has  a  duct  height  of  47  feet.  In  general,  greater  duct  heights  will 
result  in  higher  signals.  However,  this  duct  height  parameter  should  not  ba  mieir.- 
<  tsrprated  as  a  height  limit  above  which  signal  enhancements  cannot  occur.  As  shown  in 

figure  2,  30  dB  signal  enhancements  ere  experienced  well  above  the  duct  height. 
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REFRAOTIVITY  PROFILES' 


The  vertical  distribution  of  the  refractive  index  must  be  known  for  propagation 
calculations.  A  direct  measurement  of  the  refractive  index  profile  under  operational 
conditions  is  impractical.  For  instance,  the  profile  in  figure  1  changes  20  M-units 
within  the  first  4  feet  above  the  water  and  only  an  additional  4  M-units  between  5  and 
47  feet.  Even  for  moderate  winds  and  ocean  waves  it  would  be  very  difficult  to  make 
measurements  that  close  to  the  water  surface.  In  addition,  profiles  based  on  single 
measurements  usually  show  strong  variations  which  often  make  the  true  profile  shape 
unrecognizable.  These  variations  are  smoothed  out  only  if  mean  values  are  derived  by 
averaging  over  several  minutes.  If  the  functional  relationship  is  known  which  governs 
the  vertical  distribution  of  the  refractive  index,  then  only  measurements  at  the  sea 
surface  and  at  a  convenient  reference  height  are  needed.  Such  measurements  are  called 
bulk  measurements.  Advances  in  boundary  layer  research  have  made  it  possible  to 
derive  profile  descriptions  which  are  adequate  to  describe  radio  propagation  condi¬ 
tions.  Those  profiles  are  dependent  on  turbulent  transfer  processes  and  assume 
different  shapes  depending  on  the  thermal  structure  in  the  boundary  layer.  Undnr 
thermally  neutral  conditions  (adiabatic  lapse  rate)  a  logarithmic  profile  describes 
the  vertical  distribution  of  the  meteorological  parameters  of  interest.  For  nen- 
neutral  temperature  conditions  (diabatic  lapse  rate)  the  vertical  gradient  of  the 
meteorological  parameters  is  modified  by  a  function  which  depends  on  stability. 
According  to  Jeske  (ref  2),  in  the  stable  region  a  stability  function  first  proposed 
by  Monin  and  Obukhov  (ref  7)  should  bs  used  which  results  in  a  logarithmic-linear 
profile.  Under  intense  thermal  stratifications  the  turbulence  theories  used  are  no 
longer  valid.  Therefore,  for  stabilities  exceeding  a  bulk  Richardson's  number  of  one, 
no  general  functional  relationship  for  the  vertical  distribution  of  the  meteorological 
parameters  is  presently  available.  Bulk  Richardson's  number  can  be  determined  from 
the  temperature  difference  AT  (in  K)  between  the  surface  and  a  reference  height  z.,  (in 
m)  and  the  wind  speed  u  (in  knots,  measured  at  z)  according  to 
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The  logarithmic-linear  profile  also  provides  the  satisfactory  profile  descrip¬ 
tions  in  the  unstable  region  (R.  .  <0)  .  However,  a  different  stability  function 
provides  more  accurate  profiles  for  superadiabatic  lapse  rates  (ref  2) .  Based  on  the 
two  stability  functions  for  stable  and  unstable  conditions  duct  height  DH  (in  m)  may 
be  calculated  according  to  the  following  formulas. 


Stable  region  (0<Rj:b<l): 


DH  -  AN/tbjB-ANcyT') 

where 


(2) 


B  -  ln(z1/zQ)  +  <•  z^/L' 

AN  is  the  refraotivity  difference  between  surface  and  reference  height,  z,,  b,  is  a 
conijtuni:  witn  the  value  of  -0.125  m,  the  hydrodynamic  roughness  of  the  saa  z'l  “1.5  X 
1C-0  m,  a  «  4.5,  and  L'  is  the  so-called  Monin-Obukhov  length.  The  Honfn-Obukhov 
length  can  fce  determined  from  an  empirical  relationship  between  bulk  Richardson's 
number  and  a  so  called  profile  coefficient  (ref  2). 

Unstable  Region  (Rib<0) : 

DH  -  ((b18/AN)^-4a(b1B/AN)3/%,r1'/,! 


where 


B  -  ln^/z^  -  *  (3) 

The  function  t  may  bo  found  in  ref  8,  Further  refinements  of  boundary  layer  models 
have  been  attempted  based  ou  the  so-called  Businger ‘Dyer  stability  function  (ref  9- 
10). 


DUCT  HEIGHT  NOMOGRAMS 

The  measurements  necessary  for  duct  Haight  calculations  according  to  equations 
(1)  -  (3)  are  surface  water  temperature  T8  and,  at  somo  convenient  reference  height, 
air  temperature  TA,  relative  humidity  RH,  ant)  wind  speed  WS.  Refraotivity  H  is  calcu¬ 
lated  from 

6 

77.6  p  3.73  X  10  e 
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Whore  P  is  atmospheric  pressure  In  millibars,  T  is  temperature  in  Kelvins,  and  e  is 
water  vapor  pressure  in  millibars.  A  simple  nomograia  (figure  3)  was  developed  which 
provides  an  easy  means  for  deriving  evaporation  duct  height  based  on  simple  bulk 
meteorological  measurements.  Starting  at  graph  1  in  figure  3,  a  horizontal  line  is 
drawn  for  the  measured  RH  and  TA  values  until  it  intersects  the  appropriate  TS  curve 
in  graph  2.  From  thi3  intersection  a  vertical  line  is  drawn  into  graph  4  where  the 
intersection  with  a  horizontal  line  starting  at  the  measured  TA-TS  and  ws  values  of 
graph  3  givas  the  duct  height  DH.  Since  evaporation  duct  height  by  itself  does  not 
give  quantitative  systems  performance  data,  dditional  nomograms  have  been  developed 
in  which  the  graph  for  duct  height  is  replaced  by,  for  Instance,  a  radar  detection 
range  graph.  In  figure  4  the  range  of  detecting  a  30000  m  target  with  a  90%  prob¬ 
ability  using  an  SPS-10  radar  is  shown  (graph  4).  Besides  eliminating  cumbersome  and 
lengthy  calculations,  figures  3  and  4  illustrate  also  the  sensitivity  of  evaporation 
ducting  assessment  to  the  measurement  accuracy  of  the  input  parameters.  For  example, 
small  changes  to  air-sea  temperature  differences  values  may  significantly  change  duct 
heights  and  detection  ranges.  Both  nomograms  shown  in  figures  3  and  4  are  based  on 
models  and  their  verification  described  by  Hitney  (ref  3)  and  Richter  and  Hitney  (ref 
11). 

MODEL  SENSITIVITIES 

Patterson  (ref  l)  recently  compared  the  relative  performance  of  evaporation  duct 
and  path  loss  models.  He  found  that  the  models  performed  reasonably  well  when  con¬ 
sidering  statistically  averaged  meteorological  inputs  but,  not  surprisingly,  were 
extremely  sensitive  to  point-observed  meteorological  input  parameters.  He  concluded 
that  the  measurement  techniques  employed  by  naval  and  transiting  commercial  vessels 
are  not  of  sufficient  quality  to  calculate  individual  evaporation  duct  heights. 
Figures  5  and  6  illustrate  the  spread  between  measured  and  calculated  9.624  GHz  path 
loss  data  based  on  the  models  used  by  Rotheram  (ref  4)  and  by  the  Integrated 
Refractive  Effects  Prediction  System  (IRKPS)  (ref  2,  11,  12,  13).  (The  measured  data 
are  from  ref  11,  November  period,  path  length  19  nmi,  transmitter  antenni  height  5  m) . 
Since  small  uncertainties  in  air-sea  temperature  differences  (see  figure  3)  may  cause 
significant  changes  in  duct  height,  an  evaporation  ducting  sensor  development  program 
is  being  conducted  at  the  Naval  Ocean  Systems  Center,  which  uses  a  single  sensor  for 
TA  and  ts  measurement.  This  eliminates  the  need  of  accurate  cross  calibration  for 
different  sensors.  A  very  fast  response  thermistor  probe,  connected  by  wire  to  a 
shipboard  processing  unit,  is  thrown  from  a  convenient  shipboard  location  into  water 
undisturbed  by  the  moving  ship.  During  the  fall  the  probe  measures  TA  and,  sub¬ 
sequently,  T8  when  entering  the  water.  The  probe  may  be  retrieved  or  made  expendable. 
Initial  tests  showed  that  air-sea  temperature  difforenoes  of  0.1  Celsius  are  ob¬ 
tainable.  This,  by  far  exceeds,  commonly  achievable  accuracies  and  should  improve 
individual  evaporation  duct  height  measurements  significantly. 

CORRECTION  ALGORITHM 

Examining  evaporation  ducting  statistics  like  the  one  shown  in  figure  7  (for 
Marsd-.-n  square  88,  Hawaii),  one  often  finds  high  percentages  of  duat  height  occur¬ 
rences  for  large  duct  heights  (all  duct  heights  in  excess  of  40  m  are  combined  In  the 
column  40-42  m) .  such  large  evaporation  duot  heights  are  difficult  to  oxplain  from  a 
mlorometeorologlcal  interpretation,  are  not  supported  by  radio  propagation  oboerva- 
tions  end  are  not  found  in  meteorological  measurement*  for  which  special  care  has  been 
taken  like  meteorological  buoy  observations  (ref  5).  The  most  likely  error  source  is 
surface  heating  in  TA  measurements  vhioh  lead#  to  erroneous  high  tharmal  stabilities. 
Paulus  (ref  5) ,  based  on  a  number  of  careful  arguments,  introduced  a  modified  duct 
height  calculation  algorithm  in  which  stable,  high  humidity  conditions  are  accepted 
and  stable,  low  humidity  conditions  are  assumed  to  be  in  error  and  defaulted  to  un¬ 
stable.  This  algorithm  applied  to  the  data  of  figure  7  produces  a  much  more 
reasonable  distribution  end  is  shown  in  figurs  8.  Even  more  convincing  is  an  applica¬ 
tion  of  paulus1  (rsf  5)  technique  to  18  GHz  propagation  measurements  over  an  81  km 
over-water  path  (transmitter  and  receiver  heights  were  19  a  and  11  m,  respectively). 
The  solid  curve  in  figure  9  is  the  calculated  path  loss  for  this  geometry  and  the  dots 
era  measured  values.  When  Paulus'  technique  (ref  5)  was  applied  to  the  measured 
velues  of  figure  9,  s  significantly  better  agreement  was  obtained  as  shown  in  figure 
10.  From  the  evidence  so  far  it  appears  that  Paulus'  modified  duot  height  aalaula- 
tlons  are  capable  of  dramatically  improving  evaporation  ducting  statistics. 

SURFACE  DETECTION  RANGES 

Based  on  measurements  described  in  ref  11,  It  appears  that  signal  enhancements 
from  evaporation  ducting  are  largest  in  tho  10-20  GHz  frequency  range.  For  higher 
frequencies  molecular  absorption,  scattering  from  the  rough  oaean  surface,  in- 
homogeneities  in  the  evaporative  duot  and  soattaring  from  aerosols  counteract  the 
otherwise  inoreesed  effectiveness  of  the  wave  guiding  mechanism.  Anderson  (ref  6) 
compared  four  hypothetical  radars  with  aquivalent  performance  characteristics  but 
operating  et  frequencies  of  2,  6,  10,  is  GHz.  He  used  a  global  refraotivity  ollaatol- 
ogy  (ref  14)  and  propagation  models  discussed  in  rsf  is  to  calculate  the  probability 
of  dateoting  surface  targets  at  ranges  well  beyond  the  normal  radar  horizon.  Tho 
results  arm  dieplayed  in  figure  11  and  show  both  a  latitude  dependence,  i.e.,  the 
evaporation  ducting  effect  is  stronger  in  lower  latitude?,  and  the  superior  perfor¬ 
mance  for  frequencies  in  ths  10-20  GHz  frequency  band, 
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Figure  5.  Observed  calculated  path  loss 
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Figure  6.  Observed  versus  calculated 
path  loss  for  IREPS  (ref  2, 
11,  12)  models. 


Figure  8.  September  modified 
duct  height 
,  distribution 
for  MS  88. 


Utitkide  (4«gre«)  Obs«rv«d  P*thlo*»  CdS)  Obt*rved  P»thlo«*  (dB> 


11*7 


Havagu 1 d*  Calculation* 
Observation  Period:  1  to  24  June  82 
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Figure  9.  Comparison  of 
experimental 
measurements 
to  waveguide 
predictions. 
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Figure  10.  Comparison  of 
experimental 
measurements 
to  waveguide 
predictions  in 
which  all  data 
points  based  on 
an  air-sea 
temperature 
difference  greater 
than  -1°C  were 
subjected  to  a 
modified  duct 
height  calculation 


Probability  of  Surface  Target  Detection 


Figure  11,  Geographic 

influence  of  the 
evaporation  duct 
on  shipboard  radar 
surface-target 
detection  capabil¬ 
ities.  The  target 
is  well  beyond  the 
normal  horizon  and 
the  increased  de¬ 
tection  range  is 
solely  due  to  the 
evaporation  duct. 
Prediction*  are 
for  four  radar 
frequencies >  3,6, 
10,  and  16  GHz. 
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CONCLUSIONS 

Evaporation  ducting  is  an  important  propagation  enhancement  mechanism  over  the 
oceans  of  continued  scientific  interest.  Recent  efforts  have  shown  that  presently 
used  models  appear  adequate  for  statistical  assessments.  An  important  correction 
algorithm  was  developed  to  remove  erroneously  high  duct  heights.  A  new  air-sea  tem¬ 
perature  probe  is  under  development  which  is  expected  to  improve  in-situ  evaporation 
ducting  assessment.  Future  work  should  address  propagation  modeling  under  horizon¬ 
tally  inhomogeneous  conditions,  investigation  of  sensing  techniques  for  the  three- 
dimensional  evaporation  ducting  structure  and  development  of  ^ateorological 
forecasting  techniques. 
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E.ViUr 

(1)  You  presented  results  obtained  in  the  early  70s  at  several  frequencies,  X-band  in  particular,  between  two  Greek 
islands.  Could  you  tell  us  the  tracshorizon  path  length? 

(2)  We  are  currently  concerned  in  Europe  with  transhorizon  interference  over-sea  paths  (part  of  Eurocop  COST 
210).  Could  you  please  comment  about  the  desirability  and  minimum  sample  of  meteorological  data  to  correlate 
our  observations  with  the  existence  of  an  evaporation  duct? 

Author’s  Reply 

(1)  Pathlengthwas  19nmi  with  terminal  heights  of  5  m  (see  figure  16of  reference  15). 

(2)  The  parameters  describing  the  evaporation  duct  must  be  carefully  measured  as  described  in  the  preceding  paper. 
In  addition,  upper  air  soundings  should  be  taken  to  differentiate  between  ground-based  ducting  effects  caused  by 
elevated  refractive  layers  and  evaporation  ducting  effects. 


LBJtelseit 

Because  the  physical  environment  presents  a  multiparameter  problem,  where  the  parameters  themselves  are  not  well 
defined,  no  progress  can  be  made  on  analytical  and  numerical  modelling  unless  some  sort  of  error  bars  can  be  put  on 
the  parameters.  Those  tolerances  then  can  guide  the  modeller  as  to  whether  attempts  at  improving  presently  available 
predictive  algorithms  are  likely  to  bear  fruit.  Do  you  feel  that  more  can  or  must  be  done  to  sharpen  the  question,  or  have 
we  reached  an  impasse? 

Author’s  Reply 

More  can  and  must  be  done  in  providing  experimental  data  to  validate  existing  models  and  guide  the  development  of 
new  ones.  The  problem  in  obtaining  good  experimental  data  is  cost  and  time.  Measurement  of  all  relevant  physical 
parameters  is  expensive  and  encountering  a  sufficient  large  range  of  the  uncontrolled  variables  may  require  long 
measurement  periods  or  many  repetitions.  Once  acquired  and  properly  documented,  good  experimental  data  can  and 
have  been  used  for  many  decades  in  various  model  validation  purposes. 


H.Visslnga 

Can  you  elaborate  somewhat  on  the  physics  of  the  evaporation  duct  in  the  presence  of  a  rough  sea  surface.  In  view  of 
the  fact  that  duct  height  and  wave  height  are  not  that  different  in  magnitude  can  an  evaporation  duct  exist  over  a  rough 
sea? 

Author’s  Reply 

As  one  can  see  from  figure  3,  duct  height  increases  with  increasing  surface  winds  under  unstable  conditions.  Since 
surface  winds  are  directly  related  to  sea  surface  roughness,  one  would  not  expect  the  simultaneous  occurrence  of  rough 
seas  and  small  duct  heights.  Extremely  high  winds  will  create  a  well  mixed  atmosphere  with  no  evaporation  duct.  In  our 
measurements,  sea  surface  roughness  affected  path  loss  values  only  for  frequencies  well  above  X-band. 
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Fading  due  to  multipath  propagation  is  frequency-selective .  Given  a  wideband 
measurement  of  the  channel  transfer-funotion,  it  is  of  interest  to  estimate  the  delays 
and  amplitudes  of  the  multipath  rays.  Fourier  techniques  suffer  from  limited  resolution 
and  •sidslobes* .  Alternative  parametric  methods  are  available  and  one,  the  Prony 
algorithm,  has  been  used  in  this  research.  The  algorithm  has  been  tested  against  a 
database  of  laboratory-generated  ‘fades*  involving  known  delays  and  amplitudes.  The 
capabilities  and  limitations  of  the  method  are  outlined.  Results  obtained  using  real 
Rin-the-field"  measurements  are  illustrated  and  discussed  as  are  the  areas  of 
applioability  of  this  approaoh.  ... 

Keywords:  multipath  fading,  seleotive  fading,  autoregression,  Prony  algorithm 


This  paper  desoribes  research  work  oarried  out  into  ways  of  analysing  multipath 
transfer- funotions  in  order  to  study  the  underlying  propagation  phenomena.  Attention  is 
fooused  particularly  on  ways  of  estimating  the  delays  and  amplitudes  of  the  discrete  set 
of  rays  which  are  assumed  to  oonstitute  the  propagation. 

The  partioular  algorithm  whioh  has  been  utilised  in  this  research,  the  Prony 
algorithm,  is  described  in  Seotion  2,  after  a  general  discussion  of  the  problem  being 
considered  and  of  ways  of  taokling  it.  Seotion  3  of  the  paper  outlines  some  research 
oarried  out  into  the  functioning  of  the  Prony  algorithm  by  applying  it  to  transfer- 
funotion  measurements  made  using  a  network  containing  known  delays  and  amplitudes.  After 
this,  the  algorithm  is  applied  in  Section  it  to  real  "in-the- field"  measurements  made  in 
the  UK  and  in  France.  Curtain  limitations  of  the  algorithm  beoome  apparent  in  these 
oases,  and  some  of  the  lines  of  continuing  researoh  in  this  area  are  mentioned.  Seotion  5 
summarises  the  results  of  the  paper  and  disousses  the  applioability  of  the  approaoh 
adopted  in  this  researoh. 


In  thia  paper  we  assume  that  a  meaaurement  has  been  made,  in  amplitude  and 
phase  /  group-delay,  of  a  frequenoy-seleotive  fading  multipath  channel  over  a  wide 
bandwidth.  Such  a  measurement  is  of  interest  in  its  own  right,  but  the  interest  of  the 
researoh  desoribed  in  this  paper  is  in  the  use  of  such  measurements  in  studying  the 
underlying  propagation  phenomena  by  estimating  the  dolaya  and  amplitudes  of  the  rays 
whioh  oonstitute  the  multipath. 


£-1  Possible  Apergashse 

Sinoe  the  ohange  from  transfer-funotion  to  delays  and  amplitudes  is  a  transformation 
from  frequenoy-doaain  to  time-domain,  the  obvious  approaoh  to  consider  is  the  Fourier 
transform.  Unfortunately,  the  transfer-funotion  data  is  generally  sampled  and  of  finite 
extent  so  that  the  appropriate  form  ie  the  disorete  Fourier  transform  (DFT) .  This  suffers 
from  problems  of  limited  resolution  and  sidelobes  whioh  have  been  well  dooumented  by,  for 
example,  Harris  [1],  The  resolution  available  is  limited  to  4 . 8^  ns  for  250  MHi  data  (the 
6-dB  width  of  the  main  lobet  1.21+bandwidth)  with  a  first  sidelobe  only  -13  dB  down  on 
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the  main  lobe.  Windowing  can  reduce  the  sidelobe  levels,  but  at  the  price  of  worsened 
resolution . 

The  reason  why  the  DFT  is  not  a  very  successful  method  for  processing  multipath  is 
that  there  is  an  inherent  mismatch  between  the  implicit  model  of  the  DFT  and  the  actual 
structure  of  a  multipath  transfer-funotion .  In  particular,  the  DFT  attempts  to  fit  a 
"harmonic"  model  of  a  large  number  of  evenly-spaced  terms  whereas  the  multipath  data  is 
due  to  a  small  number  of  arbitrarily-spaced  terms,  a  discrepancy  perhaps  not  as  widely 
appreciated  as  it  should  be.  However,  there  are  a  number  of  methods  available  which 
involve  fitting  a  more  appropriate  parameterised  model  to  the  data  and  these  are  known  as 
parametric  methods.  Unlike  the  Fourier  transform,  they  are  inherently  nonlinear  in  that 
the  output  model  parameters  (delays,  amplitudes  etc.)  are  not  linear  functions  of  the 
input  data. 

There  are  a  wide  variety  of  modern  nonlinear  spectral  analysis  techniques  available 
[2],  but  the  one  chosen  for  this  research  is  a  version  of  a  method  first  developed  by 
Prony  in  the  late  18th  century.  In  fact,  the  modern  Prony  algorithm  bears  little 
resemblance  to  the  original.  It  has  been  chosen  for  this  research  because  it  yields  a 
discrete  set  of  delay  amplitude  pairs. 


Z-Z  3M  Prony  Algorithm 


When  modelling  multipath  at  microwave  frequencies,  the  received  signal  is  generally 
assumed  to  consist  of  a  finite  set  of  delayed,  attenuated  copies  of  the  original 
transmitted  waveform.  This  is  a  consequence  cf  the  discrete  raypaths  that  result  from  a 
geometrical  optics  propagation  model.  The  channel  impulse  response  is  therefore: 


kCt)  =  £  a*  S(t  -'Ck) 

fcel 


(i) 


i.e.  N  "rays"  with  delays  (t;l)  and  amplitudes  faK).  The  transfer-function 
would  result  from  this  at  frequencies  {f„  1  are: 


H„ 


N  -i 
£ 

X=l 


samples  which 

U) 


Now,  if  the  frequencies  are  evenly  spaoed  with  spacing  ft  so  that: 


f„  =  f.  +  "fj 


(3) 


then  we  oan  write  each  transfer-function  sample  H*  as: 


whero 


H„  »  I  z" 

K.l 

b*  «  o*e 


<+) 

(5) 


and 


Z*  =  6 


(6) 


Given  equation  (t),  it  oan  be  shown  [e.g.  33  that  the  (H*)  transfer-funotion  samples  have 
an  autoregressive  structure: 


He 


-E 

t»  I 


(7) 


with  eaoh  sample  being  a  linear  combination  (weighted  sum)  of  its  predecessors.  Equally, 
oan  be  expressed  as  a  linear  sum  of  its  suooessors.  The  weighting  faotorn  (X)  oan  be 
shown  to  be  the  coefficients  of  a  polynomial  P(z),  defined  as  that  polynomial  whose  roots 
are  the  a*  terms  of  equation  (6): 


P(Z)  **  TT  (Z  *  Z»3 


(8) 


|  With  X,  a  1  . 

|  The  Prony  algorithm  utilises  this  inhorent  structure  of  multipath  tranofer-funotions 

;  ao  aa  to  deduce  the  delays  snd  amplitudes  of  the  oonstltuent  rays.  This  is  done  in  three 

|  stages: 

j  (1)  solve  the  system  of  equations  (7)  for  the  autoregressive  coefficients  (X)  * 
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(il)  factorise  P(z)  to  obtain  the  Zk's  and  hence,  by  (6),  the  '¥«'a; 

(iii)  solve  equation  (4)  for  the  complex  amplitudes  {bK}. 

Stage  (i)  of  this  process,  the  autoregression,  can,  in  principle,  be  implemented 
using  standard  techniques  for  solving  overdetermined  systems  of  linear  equations. 
However,  the  high  degree  of  mutual  dependence  of  the  various  terms  in  the  equations  can 
lead  to  severe  numerical  problems.  Fortunately,  algorithms  have  been  found,  such  as  that 
due  to  Marple  [4],  whioh  turn  the  special  structure  of  the  equation  to  advantageous  use. 

I  Similarly,  8  variety  of  reliable  algorithms  have  been  published  for  stage  (ii):  the 

polynomial  factorisation.  The  algorithm  used  in  this  research  is  that  of  Grant  4  Hltehins 
[5].  Work  on  these  two  stages  has  been  previously  published  in  Initial  form  in  [6]. 

The  amplitude  estimation  (iii)  is  another  overdetermined  system  whioh,  unlike  (i), 
is  amenable  to  standard  methods  utilising  the  pseudo-inverse  of  a  rectangular  matrix.  In 
this  research,  we  do  not  attempt  to  derive  the  real  amplitudes  {a*.)  from  the  complex  {b*} 
since  the  uncertainty  in  is  too  large  to  be  able  to  deteimine  the  sign  of  a  from 

equation  (6). 

A  further  stage  (iv)  is  added  to  the  algorithm  to  assiat  in  the  evaluation  of  the 
effectiveness  of  the  method.  This  involves  substituting  the  deduced  amplitudes  and  delays 
I  into  equation  (4)  so  as  to  produce  a  set  of  "reconstructed"  transfer-function  samples 

{ H  * }  whioh  can  then  be  oompared  with  the  original  {H„). 

A  variety  of  praotioal  problems  arise  when  using  the  algorithm.  Of  particular 
significance  are  the  effeot  of  added  noise  in  the  data  and  the  associated  difficulty  of 
selecting  an  appropriate  model  order  N.  Empirical  solutions  to  these  problems  have  been 
I  adopted  [3]  and  they  are  the  subjeot  of  continuing  research. 


3.  Laboratory  Results 

In  order  to  test  the  operation  of  the  algorithm,  it  was  first  applied  to  a  set  of 
measurements  made  on  a  network  consisting  of  known  delays  and  amplitudes.  This  was  done 
at  Portsmouth  using  the  PP/RAL  experimental  equipment  and  a  hardware  "multipath 
simulator"  (both  outlined  in  Appendix  A).  The  relative  delays  available  were  0  ns, 
2.25  ns,  5.75  ns  and  10.75  ns,  and  a  database  of  measurements  was  produoed  containing  38 
files  eaoh  applying  distinot  patterns  of  attenuation  to  the  four  delays.  Of  particular 
Interest  were  the  files  which  made  use  of  the  two  rays  separated  by  only  2.25  ns  whioh, 
for  the  250  MHz  bandwidth  used,  are  much  oloser  than  the  Fourier  resolution  limit  of 
4.84  ns  quoted  above. 

Eaoh  file  contained  eight  "soans"  (transfer-funotion  measurements)  with  oonstant 
parameters  but  independent  noise.  Consequently  we  oan  oaloulate  means  and  standard 
deviations  for  the  results  obtained  using  the  Prony  algorithm.  These  statistioal 
parameters  have  been  studied  to  eluoidate  the  behaviour  of  the  algorithm. 

As  well  as  the  statistioal  studies,  the  capabilities  of  the  algorithm  were  examined 
visually,  using  the  "reconstruction"  operation  discussed  in  Seotion  2.  As  an  example  of 
the  results  obtained,  oonsider  Figures  1  and  2.  These  show  a  transfer-funotion  (in 
amplitude  and  group-delay)  generated  using  the  0  ns,  2.25  ns  and  10.75  ns  "rays"  together 
with  the  reconstructions  (solid  line  s  original!  broken  line  =  reconstruction).  It  will 
be  seen  that  the  reconstructions  are  very  good  even  though  this  file  contains  delays 
whioh  the  Fourier  transform  would  be  totally  inoapable  of  resolving.  The  impulse  response 
associated  with  this  reconstruction  is  shown  in  Figure  3  where  it  is  dear  that  the  two 
oloae  "rays"  have  been  suooessfully  resolved. 

The  capabilities  of  the  algorithm  whioh  have  been  deduced  using  this  and  many  other 
similar  laboratory  results  oan  be  summarised  as: 

(i)  the  Prony  algorithm  oan  oonaistently  reaolve  delays  whose  separation  (2.25  ns)  is 
leas  than  half  the  Fourier  limit  (4,84  ns) ; 

(il)  the  Prony  algorithm  oan  allocate  amplitudes  to  the  delays  so  as  to  yield  acourate 
reconstructions  or  the  original  measurement. 

At  this  stage  of  the  reeearoh  it  is  not  possible  to  give  detailed  quantitative 
measures  of  the  algorithm's  aoouraoy  since  this  will  depend  on  several  factors 
(e.g.  aignal-to-nolac  ratio)  which  have  not  been  thoroughly  explored  but  are  the  subjeot 
of  continuing  study,  using  new  laboratory  measurements.  However,  the  statistioal 
analysis  of  the  laboratory  results  has  lndloated  oertain  problems.  For  example,  although 
the  standard-deviation  of  the  delay  estimates  is  generally  small,  ths  mean  does  not 
oolnoide  exactly  with  that  expeoted:  i.e.  the  delay  estimator  is  to  some  extant  a  biased 
estimator.  Typically  the  biases  are  of  the  order  of  0.5  no  for  this  database.  The 
amplitude  eatimmtore  are  alao  biased, 

A  study  of  the  correlation  between  various  factors  within  the  database  has  given 
some  insight  into  the  mechanism  of  these  biases.  For  example,  the  estimates  for  a  given 
ray  seem  to  be  affected  by  the  strength  of  that  ray  and  alao  by  the  strength  of  the  other 
rays  present  in  the  measurement,  Unfortunately,  the  estimates  are  also  affeoted  by  the 
measurement  hardware,  particularly  the  operation  of  looking  onto  one  of  the  rays  as  the 
"direct  ray".  It  is  therefore  difficult,  at  the  present  stage  of  the  study,  to  readily 
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distinguish  between  biases  due  to  the  algorithm  and  those  due  to  the  measurement 
equipment.  This  is  the  subject  of  continuing  researoh,  but  a  more  detailed  account  of  the 
results  thus  far  can  be  found  in  [3]. 


Having  investigated  the  capabilities  and  limitations  of  the  Prony  algorithm  in  the 
laboratory  using  known  delays  and  amplitudes,  it  is  of  obvious  interest  to  see  what  sort 
of  results  can  be  obtained  when  using  real  "in-the-fleld*  experimental  data.  Some  initial 
studies  have  been  carried  out  using  data  obtained  in  the  UK  and  in  France. 


4.1  UK  liMlli 

The  UK  results  were  obtained  during  the  initial  field  trials  of  the  PP/RAL 
experimental  equipment  m  ■* 9 S ’4 .  The  link  was  29.05  km,  across  the  Thames  valley  and  the 
path  was  inclined  at  0.25*  to  the  horizontal.  Due  to  problems  with  equipment  reliability, 
only  a  few  files  were  produced  that  were  not  attributable  to  system  malfunction  and  the 
first  soan  from  one  of  these  is  shown  together  with  its  reconstruction  in  Figures  9  and 
5.  It  is  dear  that  the  overall  aurvature  of  the  dB  graph  (indicative  of  a  pair  of  rays 
with  a  small  separation)  is  well  reproduced.  The  medium-scale  ripple  (due  to  a  longer 
delay)  is  also  generally  matched,  except  in  the  middle  of  the  band  where  there  is  a 
mismatch  of  about  2  dB.  The  extremely  rapid  fluctuations,  most  noticeable  on  the  group- 
delay  curve,  are  not  reproduced.  This  is  because  the  implementation  of  the  Prony 
algorithm  used  here  eliminates  excessively  long  delays.  In  this  particular  case,  the 
Prony  algorithm  finds  four  "real”  rays  together  with  several  "spurious"  rays  whioh  are  of 
small  amplitude  and  are  associated  with  the  noise  content  of  the  data. 


4.2  Erenah  £aauI4a 

The  Prony  algorithm  of  Section  2  has  also  been  applied  to  measurements,  made  in 
Franoe  as  part  of  a  long-running  experiment  [7].  Unlike  the  other  measurements  presented 
in  this  paper,  these  have  been  obtained  using  a  frequency  sweeping  system,  described  in 
Appendix  B,  whioh  gives  amplitude  and  group-delay  rather  than  the  oomplex  Fourier 
components  of  the  UK  experiment.  Also  unlike  the  UK  field  and  laboratory  results,  the 
Prony  algorithm  so  far  yields  only  moderate  sucoess  when  applied  to  a  limited  selection 
of  French  data. 

Figures  6  and  7  show  a  typical  measurement  (solid  line)  together  with  its 
reconstruction  (broken  line).  This  is  one  of  the  more  successful  analyses.  The  main 
discrepancy  on  the  amplitude  plot  is  that  the  reconstruotad  nulls  (one  of  them  just  off 
the  left-hand  edge  of  the  plot)  are  too  oloae  together!  i.e.  the  predominant  pair  of  rays 
have  been  estimated  too  far  apart.  The  disorepanoy  on  the  group-delay  plot  is  more 
apparent  than  real.  Away  from  the  nulls  the  reconstruction  is  quite  good  whilst  in  tne 
region  of  the  nulls  the  polarity  of  the  group-delay  is  reversed.  This  is  not  lndioctive 
of  a  serious  error;  a  small  change  in  a  ray's  de)ay  or  amplitude  can  have  this  effeot. 

By  oontrast,  Figures  8  and  9  show  one  of  the  less  successful  analyses,  though  by  no 
means  the  worst.lt  is  clear  that  although  the  algorithm  has  managed  to  oorreotly  locate 
the  null,  the  matoh  between  the  two  sets  of  ourves  is  not  all  that  good.  It  is  suspected 
that  this  lmperfeot  reconstruction  may  result  from  a  mismatch  between  the  propagation 
model  assumed  by  the  algorithm  and  that  whioh  actually  oonurred,  resulting  in  the 
frequenoy-aeleotive  fading.  In  particular,  if  the  aotual  propagation  incorporated  a 
ground-refleotlon  then  if  is  possible  that  the  contribution  to  the  impulse  response  of 
that  ray  would  beoome  diffuse  and  would  not  matoh  the  delta-funotion  assumed  by  the 
algorithm. 

In  a  recent  Portsmouth  /  CNET  collaboration,  a  refinement  to  the  algorithm  has  been 
considered  whioh  takes  the  delay  and  amplitude  estimates  from  the  Portsmouth  Prony 
program  and  uses  them  as  initial  values  in  a  CNET  optimisation  program.  The  aim  is  to 
obtain  the  best  possible  fit  between  the  disorete  ray  model  and  the  data.  In  some  initial 
investigations  this  refinement  gave  a  consistent  Minus  sign  on  the  amplitude  estimate  for 
one  of  the  rays,  strongly  suggesting  the  presence  of  e  refleotion  with  its  aasooiated 
phase-reversal.  The  optimisation  also  showed  an  improvement  in  njll-looation  for  uc^a 
similar  to  that  in  Figure  6.  This  aspeot  of  the  researoh  is  a  very  reoent  development 
which  shows  great  promise. 


The  researoh  outlined  in  thin  paper  has  indiosted  the  usefulness  of  nonlinear 
epeotral  analysis  techniques,  such  as  the  Prony  algorithm,  for  the  study  of  multipath 
propagation  via  the  analysis  of  wideband  fade  measurements.  Using  these  modern  numcrioal 
methods  it  is  possible  to  resolve  rays  whose  spaoing  is  significantly  less  than  the 
Fourier  limit.  With  the  addition  of  a  further  stage  of  processing  (an  optimisation 
developed  by  CNET)  the  approach  holds  out  the  promise  of  extremely  aoouratc  estimation  of 
both  delays  and  amplitudes  provided  the  propagation  fits  the  model  assumed  in  the 
algorithm  being  uaed. 
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Were  the  algorithms  of  suffioient  computational  efficiency,  one  might  envisage  using 
them  in  adaptive  equalisation  on  real  links.  Unfortunately,  the  computational  complexity 
of  the  algorithms  would  prohibit  this  vit  present.  Thus  the  clearest  areas  of 
applicability  of  the  work  are  those  for  which  •  the  need  for  off-line  non-real-time 
processing  are  not  a  hindrance.  For  example,  an  aoourate  knowledge  of  the  delays  and 
amplitudes  underlying  a  real  multipath  fading  sequence  would  be  useful  for  the  prediction 
of  the  effect  or  new  digital  radio  systems  etc.  It  would  also  enable  the  simulation  of 
the  frequency-saleotivity  which  could  occur  in  frequency  bands  other  than  that  in  which 
the  measurement  wa3  originally  made,  subject  to  the  provision  of  the  applicability  of  the 
geometrical  optics  model  of  propagation.  There  are  probably  many  other  potential 
applications,  but  it  is  expected  that  they  would  generally  fall  into  the  category  of 
simulation  /  prediction. 
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8..  APMDfllaga 

A:  PP/RAL  wideband  experimental  system  (&) 

This  system  uses  a  spread  speotrum  technique  together  with  orosa-oorrelatlon  to 
probe  the  ohannel  oharaoteristlos.  The  sohenatio  diagram  of  the  system  is  shown  in  Figure 
A1.  In  order  to  Investigate  the  wideband  channel  characteristics,  a  high  speed  poeudo 
random  binary  sequence  (PRBS)  ie  used  to  oover  a  bandwidth  of  250  MHz  in  the  18  0Hz 
region. 

In  the  tranamltter,  the  250  MHz  PRBS  bi-phase  modulates  u  750  MHz  I.F.  vhloh  is  then 
up-oonverted  to  18  0Hz.  Optionally  a  multipath  simulator  (M.S.)  may  be  inoerted  at  the 
output  of  the  I.F.  stage  permitting  the  oreation  of  a  database  or  simulated  multipath 
events. 

The  multipath  simulator  splits  the  incoming  I.F.  signal  into  four  equal  parte  by  a 
passive  power  splitter.  The  signal  is  than  passed  through  four  equal-length  coaxial 
cables  to  a  set  of  independent  voltage  controlled  attenuators.  Pour  unequal-length 
coaxial  eablds  from  these  attenuators  ere  connected  to  a  power  oombiner.  The  different 
lengths  of  the  cables  represent  the  different  delays,  with  the  attenuators  controlling 
the  amplitudes,  of  the  four  reya. 

The  reoeiver  system  oonslets  of  three  main  parts;  the  receiver,  oorrelotor  and  data 
acquisition  computer.  All  the  reoeiver  operations,  such  aa  synchronisation  and  looking, 
ara  under  the  control  of  a  logic  unit  which  in  turn  is  supervised  by  the  PDF  11  computer. 
The  rioeived  signal  is  brought  down  to  750  MHz  I.F.  and  oorreiated  with  a  locally 
generated  PRBS,  a  raplloa  of  the  transmitted  PRBS.  Coherent  demodulation  is  used  to 
provide  the  equivalent  quadrature  ooaponents  I  t  Q.  Digitisation  of  these  two  components 
is  carried  out  by  a  low  noise,  purpose  built  ADC  unit.  The  computer  is  responsible  for 
the  on-line  signal  processing,  in  particular  the  remove)  of  the  system  characteristics  by 
a  Fourltr-bssad  de-oslibrstlon  using  previously  recorded  calibration  data.  This  data  otn 
ba  obtained  by  performing  a  systam  baok-to-baok  test  or  an  on-site  test  under  suitable 
weather  conditions.  The  captured  data  is  transferred  into  magnetic  tape  for  subsequent 


off-line  processing,  such  as  that  described  in  this  paper. 


Es  French  CHET  msasufement  system 

This  system  applies  the  frequency  sweeping  technique  to  probe  the  channel 
characteristic.  In  general,  systems  using  such  a  technique  will  provide  information  of 
amplitude  and  phase  (or  rather  the  group  delay)  of  the  spectral  components  over  the  band 
of  interest.  The  blook  diagram  of  the  system  is  shown  in  Figure  Bt.  This  system  oan  cover 
a  bandwidth  of  20  MHz  up  to  1.4  QH2  in  11  GHz  region. 

In  the  transmitter,  the  main  component  is  the  frequency  sweeper  and  it  provides  a 
sweeper  range  from  2.3  GHz  to  3.7  GHz,  The  I.F.,  obtained  by  mixing  the  frequency  sweep 
and  4.2  GHz  master,  has  a  maximum  range  of  0.5  GHz  to  1.9  GHz.  The  nominal  I.F.  centre 
frequency  will  typically  be  about  1.2  GHz  which  will  be  subsequently  up-converted  to 
11  GHz.  To  facilitate  the  measurement  of  the  group  delay,  a  small  excursion  high 
frequency  FH  is  superimposed  onto  the  sweep. 

In  the  traoking  reoeiver,  the  received  signal  is  down-converted  to  the  first  I.F.  of 
about  1.2  GHz.  The  main' loop  tracks  the  sweep  of  the  received  signal.  The  TIG  oscillator 
is  steered  by  the  frequency  discriminator  and  deteotor  and  its  output  is  mixed  with  the 
4.2  GHz  master  to  follow  the  transmitter  sweeper  with  an  offset  of  70  MHz.  This  seoond 
I.F.  is  used  for  the  A.G.C.  and  fed  into  the  microwave  link  analyser  (M.L.A.).  The  output 
of  the  A.G.C.  provides  the  amplitude  data  of  apeotral  components.  The  H.L.A.  uses  the 
rapid  FM,  wbioh  is  on  the  I.F.  beoause  it  is  too  fast  for  the  main  loop  to  track,  to 
obtain  the  group  delay  data.  Finally  the  data  is  stored  for  subsequent  off-line 
processing. 


Figure  1  :  Original  and  reconstructed  wylltude  (laboratory! 


Figure  4  ‘  Original  and  reconstructed  amplitude  (UK  Field) 


Figure  5  :  Original  and  reconstructed  group  delay  (UK  field) 


*^290  11300  11350  11400  11450  11500  11550  11B00  11650  MHz 
Figure  6  :  Original  and  reconstructed  amplitude  (France  field) 


Figure  7  :  Original  and  reconstructed  group  delay  of  Figure  6 
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Figure  8  :  Original  and  reconstructed  amplitude  (France  field) 


figure  B1  :  CNET  measurement  system 
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DISCUSSION 


UB-Felsen 

The  Prony  algorithm  is  usually  best  suited  to  analysing  signals  with  smooth  oscillatory  behaviour.  But  here,  you  seem  to 
be  using  it  for  dealing  with  impulse  events,  which  are  not  well  handled  in  this  manner.  Could  you  clarify? 

Author’s  Reply 

The  impulsiveness  is  in  the  assumed  time-domain  impulse  response  model.  In  the  frequency  domain  this  manifests  as 
periodicities  and  it  is  the  frequency-domain  measurements  that  we  are  processing  using  the  Prony  algorithm. 


R.Viientiu 

In  Figures  4  and  5  you  presented  examples  of  amplitude  and  group  delay  responses  showing  rapid  oscillations.  What  is 
the  reason  for  this?  Could  it  be  caused  by  long  waveguides  connecting  the  antennas  and  the  trans/receiver  so  that  a 
mismatch  at  the  ends  of  the  waveguides  can  produce  echoes  with  large  delay? 

Author’s  Reply 

I  do  not  think  so.  The  waveguide  runs  used  in  our  1 8  GHz  experiment  are  typically  only  2  metres  long.  It  is  more  likely 
to  be  due  to  noise,  etc.,  in  the  correlator. 


R.L.OIsen 

I  find  it  interesting  that  your  results  indicate  the  presence  of  a  reflection.  Could  you  please  expand  on  your  explanation 
as  to  why  the  Prony  method  does  not  handle  this  basely. 

Author’s  Reply 

Specular  reflections  do  not  present  any  problems,  but  diffuse  reflections  are  less  tractable.  The  reason  for  this  is  that  a 
diffuse  reflection  is  not  well-approximated  by  the  time  domain  delta-funcions  assumed  by  the  Prony  algorithm, 
although  a  grouping  of  multiple  delta-functions  may  work  or  they  may  not.  We  are  still  investigating  this  subject  area. 
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RESUME  ■ 

Dans  la  wise  au  point  d'une  mEthode  de  provision  flable  des  affalbllssements  3  frequence  fixe, 
applicable,  3  1‘ensemble  d'un  rEseau  de  falsceaux  hrrtxlens,  11  est  devenu  Indispensable  de  tenlr  compte 
des  conditions  radlocllmatlques  propres  3  cheque  r€g1 bn  occupSe  par  un  tel  rEseau  hertzlen.  On  propose 
une  mEthode  purement  mStEorologlque  pour  le  calcul  d'un  facteur  gEoclIiaatlque,  utlllsf  dans  une  formule 
de  provision  des  affalbllssements  3  frEauence  fixe  applicable  au  mols  le  plus  dEfavorable.  Cette  mSthode 
est  basfie  sur  l'Etude  slmultanEe  du  cllmat  et  des  conditions, de  propagation  sur  deux  couples  de  liaisons 
sltuEes  dans  deux  rEglons  cllmatlques  dlfTErentes. 


1  -  INTRODUCTION 

Dans  l'Etude  des  relations  entre  lev  phSnomEne'.  mEtEorologlques  en  air  clalr  et  les  perturba¬ 
tions  qu'lls  entralnent  dans  la  propagation  <jes  ondes  radloElectrlques  sur  les  liaisons  en  vIsIbllltE,  on 
peut  dlstlnguer  deux  types  de  dSmarchc.  L'"ne  conslste  i  rechercher  la  concordance  Etrolte  entre  une  si¬ 
tuation  mStlorologlque  obssvvEe  et  les.  variations  de  champ  regu  mesurEes  slmultanEment  sur  une  liaison  3 
frequence  fixe,  bande  Etrotte  ou  large  bande.  Cette  concordance  est  en  gEnEral  recherchEe  par  le  calcul 
en  usant  de  l'optlque  gEomEtrlque.  nans  ce  cas,  une  cgnnalssance  dEtaillee  du  profll  vertical  du  coTndice 
de  rEfractlon,  N,  est,  nEcessalre  ;  11  paraft  Indispensable  de  connaftre  aussl  la  variation  horlzontale  de 
ce  profll  vertical.  On  fait  1 ‘hypoMtise  que  la  variation  horlzontale  est  falble,  et  3  1  'aide  d'une  radio 
sonde  montEe  sur  un  ballet  ou  bleu  d'u.ne  tour  InsttumentEe  en  plus, ours  points  on  Etabllt  aussl  flnement 
que  possible  le  profll  vertical  du  cotndice  3  chaque  Instant.  Une  telle  dEmarche  ne  peut  etre  appHquEe  3 
long  terete  du  fait  de  son  caraciire  coflteux,  Or,  les  Etudes  statistlques  de  cette  correspondance  entre 
les  affalbllssements  et  la  mEtSorologle  pour  la  arise  au  po/nt  de  mEthodes  de  prEvIslons  de  ces  affalblls- 
sements  sent  nEcnssalrement  de*  Etudes  3  long  temte.  L'autre  dtmarche  dans  1 'analyse  des  variables  radlo- 
mEtSorologlques  sera  dans  ce  i  is  appHquEe.'  Elle  conslste  a  n'effectuer  que  des  mesures  mEtEorologlques 
en  deux  points  evades  vertKulemenc  de  plusleurs  dlza tries  de  mitres,  mEthode  simple  mals  qul  peut  etre 
appHquEe  duranV plusleurs  annEes.  On  ne  reeh/rchera  a’.ors  dans  cette  Etude  que  les  relations  statlstl- 

3ues  entre  les  Variables  mEtEorologlques  et  Ids  affalbllssements  pour  des  durees  d'analyse  parfols  gran- 
e,  telle  que  .e  mols  par  example.  On  twntt?e  cl-apris  la  yalldltE  d'une  telle  dEmarche  appHquEe  3  la 
recherche  &s  conditions  radlocllmatlques  3  i'Echelle  du  rEseau  hertzlen  d'un  Days. 


2  -  QUElfl'JES  ETUDES  ANTERUURES 

2.1  -  Ettr’et  de  1'lndlce  de  rEfractlon  radloElectrlgue  de  1 ‘atmosphire 

Les  premier:  chercheurs  qul  ont  itudle  la  propagation  des  tlgnaux  aux  frEquences  ElevEes  sur 
des  liaisons  en  Vlt1b11!tl,d1recte  ont  tris  rapldement  tire  la  conclusion  que  les  affalbllssements  qu'lls 
obsem.lent  I  talent  dflf  t  des  structures  vertlcales  partlcullires  de  1'lndlce  de  rEfractlon  radloElectrl- 

3ue.  Ces  structures  dennaient  solt  des  conditions  d'infra-rEfractlon,  sol t  le  plus  souvent  des  conditions 
e  super-rlfractlou  f ivo^aoles  1  la  gEnEratlon  de  trajets  multiples  (CRAWFORD  et  OAKES,  1952).  A  peu  prEs 
i  le  mime  Ipoque  d'autros  chercheurs  conclurent  aussl  3  1 'Importance  des  dlscontlnultEs  de  1'lndlce  de 
rEfractlon  de  l'alr  dins  la  diffusion  des  ondes  et  leur  propagation  au-deU  de  1  'horizon. 

Les  fluctuations  spitlalei  et  tempo relies  de  1'lndlce  de  rEfractlon  furent  alors  1’objet  d'Etu- 
des  Intenslves  dans  plusleurs  pays.  Nous  nous  Hmlterons  voiontairement  i  quelques  unes  d' entre  el  les . 
CRAIN  (1953)  a  observE  que  des  fluctuations  rapides  de  1'lndlce  de  quelques  unltfs  N  peuvent  Etre  masu- 
rles  Jusqu'l  3  km  d'altltude.  Les  dimensions  vertlcales  des  dlscontlnultEs  ne  sont  que  de  quelques  pleds 
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quand  on  les  mesure  au  niveau  du  sol,  mals  de  plusleurs  centalnes  de  pleds  a  des  altitudes  suplrleures  3 
300  mitres.  UGAI  (1959)  fit  aussl  des  etudes  approfondies  sur  le  sujet  en  utlllsant  une  tour  Instrument^ 
et  des  radio  sondes  montles  sur  ballons.  II  nontre  par  exemple  que  le  gradient  <M/dh  du  colndlce  modi  fid 
tend  vers  sa  valeur  standard  quand  la  vltesse  du  vent  au  sol  augments.  Cc.p’us,  dM/dh  semble  attelndre 
ses  valeurs  les  plus  falbles  entre  les  vftesses  de  0,5  et  1,5  m/s.  Mils  toutes  les  Itudes  de  1 'Indice  da 
rlfraction  faltes  jusqu'en  1961  sentient  avoir  It?  en  relation  avec  Tltude  de  la  diffusion  tropospherl- 
que  (LANE,  1961)  et  non  avec  les  conditions  de  propagation  sur  les  liaisons  horlzontales. 

2.2  -  Conduits  atmosph?r1ques  et  variations  du  niveau  du  signal  radloglectrlque 

L'une  des  premllres  Itudes  sur  les  relations  pouvant  exlster  entre  les  discontinues  vertlca- 
les  de  1 'Indice  de  refraction  et  le  champ  rad1o?lectr1que  regu  3  l'extr?m1t?  de  deux  liaisons  en  visibi¬ 
lity  semble  avoir  ?t?  celle  condulte  par  IKEGAMI,  et  autres,  (1959,  1966,  1967).  Les  auteurs  utlllserent 
pour  leur  exp?rience,  qul  dura  15  jours,  un  pylone  Instrument?  de  312  m  de  hauteur.  Ils  observerent 
qu'envlron  la  moitle  des  conduits  sont  des  conduits  de  surface.  Les  conduits  dont  la  hauteur  moyenne  se 
sltue  a  environ  100  mitres  du  sol  sont  les  plus  Intenses.  Au-dela  de  cette  hauteur,  leur  intenslt?  dl- 
crott.  On  peut  ralsonnablement  conclure  qu'une  liaison  sera  d'autant  molns  perturble  qu'elle  sera  blen 
degagle  par  rapport  au  sol  moyen.  Dans  cette  explrlence,  Tune  des  liaisons  est  pratiquement  horizontale, 
l'autre  prlsente  une  Incllnalson  de  0,2*,  les  deux  ayant  la  mime  longueur  de  54,8  km.  Sur  la  liaison  ho¬ 
rizontale,  les  variations  a  court  terme  les  plus  Importantes  du  niveau  du  signal  se  produlsent  quand  la 
hauteur  moyenne  du  conduit  est  volsine  de  la  hauteur  de  la  liaison.  Sur  la  liaison  oblique,  ces  memes  va¬ 
riations  3  court  terme  sont  les  plus  importantes  quand  la  hauteur  royenne  du  conduit  se  sltue  au  volslna- 
ge  de  Textremlte  la  plus  basse  de  la  liaison.  Cecl  semble  montrer  que  les  mesures  metlorologlques,  qul 
seralent  faltes  3  1'extremlt?  la  plus  basse  d'une  liaison  Incllrile  dans  le  but  d'etre  comparees  au  niveau 
du  champ  regu,  seralent  parfaitement  justlflles.  IKEGAMI  (1967)  a  aussl  nontr?  que  des  1nterf?rences  en¬ 
tre  rayons  multiples  pouvalent  aussl  se  produlre  en  prlsence  de  couches,  sltules  au  sol  ou  blen  dans  son 
volslnage,  dans  lesquelles  le  gradient  du  colndlce  modlfle  M  est  posltlf.  Cet  auteur  montre  enfln  que  les 
courbures  particulllres  du  prof 1 1  vertical  de  M  peuvent  condulre  3  des  effets  de  diminution  du  niveau  du 
signal  par  divergence  et  de  renforcement  du  niveau  par  effet  du  convergence.  Hals  11  n'a  pas  consldlre  la 
rlflexlon  d'un  signal  sur  le  sol  (OLSEN  et  autres,  1986,  dans  ce  volume). 

2.3  -  Influence  des  gradients  verttcaux  de  templrature  et  influence  du  vent 

Le  coTndlce  de  rlfraction  N  et  sa  valeur  modlflle  H  sont  la  comblnalson  de  trois  variables  phy¬ 
siques.  SCHIAVONE  (1983)  a  alnsl  Itudle  la  relation  entre  le  gradient  vertical  de  templrature  mesur?  en¬ 
tre  38,1  et  93,3  mitres  et  le  pourcentage  des  apparitions  d'affalbllsseroent  suplrleurs  3  10  et  3  20  dB. 
Ce  pourcentage  varle  presque  Hnlalrement  avec  1 ‘Intensity  de  l'lnverslon  de  temperature  de  0,5*C/100  m  3 
plus  de  4*C/100  m.  La  valeur  do  3‘C/100  m,  solt  30*C/km,  qul  a  It!  cholsle  dans  l'ltude  pr?sent?e  cl- 
apres  para ft  done  parfaitement  justlflle.  La  liaison  radloglectrlque  slmultanlment  Itudlle  avalt  une  lon¬ 
gueur  de  57  km  dans  une  rlglon  bo1s?e,  entre  OMAHA  et  PALMETTO.  SCHIAVONE  (1983)  a  aussl  nontr?  que  la 
vltesse  du  vent  3  4  heures  du  matin  pouvalt  etre  un  bon  Indlcateur  cllmatlque  de  la  variation  mensuelle 
de  la  probability  d'apparltion  des  affalblfssements  dus  a  la  rlfraction. 

Les  concordances  satlsfalsantes  obtenues  par  SCHIAVONE  entre  les  mesures  d'affalbllssement  et 
les  mesures  de  dlfflrences  de  tempgratures  faltes  en  deux  points  seulement  semblent  Indlquer  que  cette 
mlthode  de  mesures  slmpllflle  peut  parfaitement  rlvallser,  pqur  certalnes  gtudes  notamment  statlstlques, 
avec  celle  plus  glaborle  qui  conslste  3  utlllser  une  radio-sonde  sur  ballon  ou  blen  un  mSt  Instrument!  en 
plus  de  deux  points. 

2.4  -  Les  mesures  en  deux  points  espads  vertlealement 

L'lncldence  de  la  mgthode  de  mesure  des  variables  mgtgorologlques  en  deux  points  espacls  vertl¬ 
ealement  a  et?  gtudt?e  pour  le  gradient  des  coTndlces.  ROUX  et  MON  (1983)  ont  montr?  que  la  pente  des 
distributions  des  gradients  de  coTndlce  de  infraction  N  dlminue  d'une  fagon  Importante  quand  la  dlfflren- 
ce  de  hauteur  entre  les  deux  points  de  mesure  passe  de  28  mitres  3  56  mitres  puls  3  83  mitres.  La  valeur 
mldlane  de  la  distribution  dlminue  aussl.  Cecl  Impllque  que  des  rlsultats  semblables  seront  obtenus  dans 
les  mesures  des  gradients  de  templrature  et  de  tension  de  vapeur  d'eau. 

Pour  pouvolr  comparer  les  distributions  des  gradients  vertlcaux  de  templrature  et  les  distribu¬ 
tions  des  gradients  vertlcaux  de  tension  de  vapeur  d'eau  obtenues  en  des  lleux  ggographlques  dlfflrents, 
11  sera  necessaire  de  normallser  les  rlsultats  par  rapport  3  un  espacement  vertical  de  rlflrence.  De 
plus,  les  conduits  atmosphlrlques  les  plus  Intenses  et  les  plus  nombreux  Itant  sltuSs  dans  les  100  pre¬ 
miers  mitres  au-dessus  du  sol,  11  psraft  souhaltable  que  les  mesures  dlfflrentlelles  des  variables  mltlo- 
rologlques  solent  effectules  entre  un  point  situ!  au  volslnage  du  sol  et  un  autre  locallsl  dans  ces  100 
premiers  mitres. 

2.5  -  Role  de  1 'humidity 

IKEGAMI.  et  autres,  (1966)  a  aussl  observl  que  la  crlatlon  d'un  conduit  est  Itrottement  nell?  3 
Tapparltton  slmuitanle  d'une  couche  avec  Inversion  de  templrature  et  d'une  dlcrolssance  Importante  de 
l'humldltl  relative  dans  cette  couche.  L'humlditl  relative  en  un  point  de  templrature  donnle  est  le  rap¬ 
port  entre  la  tension  de  vapeur  d'eau,  e,  en  ce  point  1  cette  templrature  et  la  tension  de  vapeur  satu¬ 
rate,  es,  1  la  mime  templrature.  soft 
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la  tension  ds  vapeur  satursnte,  es,  croissant  rapl dement  quand  la  temperature  augmente,  1 'hu¬ 
midity  relative  Hr  dgcrottra  rapldeiment  aussl.  Ce  phgnomgne  peut  se  produlre  sans  variation  fmportante 
de  la  tension  de  vapeur  d'eau,  e.  II  est  done  probable  que  la  correlation  entre  les  situations  de  ducts, 
et  .done  aussl.  les  situations  d'affalbllsseoents,  et  les  gradients  negattfs  vertlcaux  de  la  tension  de  va¬ 
peur  d'eau  ne  solt  pas  gvldente.  Ngamaolns,  les  gradients  vertlcaux  de,  e,  sont  une  variable  mgtlorologle 
laportante  a  prendre  en  coopte  du  fait  de  son  rfile  dans  1 ‘expression  du  coTndlce  de  infraction  N. 


3  •  UNE  ETUDE  NOUYELLE  EN  FRANCE 
3.1.  -  Ggngral  1  tgs 

Les  Studes  3  long  terme  de  1'affaiblfssement  a  frgquence  fixe  en  pgrlode  d'alr  clalr  sur  les 
liaisons  en  visibility  ont  montrg  la  grande  variability  des  distributions  d'un  mis  a  1 'autre  sur  une 
itteme  liaison  (TATTERSALL,  et  autres  1977  ;  DERENNES,  1979).  La  comparalson  de  1 ‘affalbllssement  dgpassg 
pour  une  pourcentage  de  temps  donng  du  mols  le  plus  dgfavorable  sur  deux  bonds,  dont  les  prlnclpaux  para- 
metres  (longueur  du  bond,  rugosity  du  profll,  frgquence,  hauteur  des  antennes,  Incl Inal  son  du  faisceau 
radloyiectrfque...)  sont  ggaux,  ou  presqu'ygaux,  fait  apparaltre  des  differences  parfols  Impcrtantes,  su- 
perleures  3  5  dB.  De  telles  dlffgrences,  qul  ne  peuvent  s'expllquer  que  par  les  conditions  clltiiatlques, 
ont  amen!  les  organisms  charggs  de  la  planificatlon  des  tgseaux  hertzlens  (tens  certains  pays  3  ajouter  a 
la  formule  de  prgvlsion  des  affalbllssements  a  frgquence  fixe  pour  le  mols  le  plus  dgfavorable  un  lerme 
correcteur,  variable  d'une  rgglon  3  1 ‘autre  (CCIR,  1986).  Ce  terme  peut  prendre  des  valeurs  dlffgrentes 
sulvant  la  rgglon  macro-cllmatlque  consldgrge  dont  le  cllmat  est  solt  tropical,  solt  tempgrg.  Alnsl  aux 
U.S.A.  on  consldgre  qu‘3  pourcentage  de  temps  Igal,  1 'affalbllssement  dgpassg  sera  de  6  dB  supgrleur  dans 
une  rgglon  de  cllmat  tempgrg  mgdlterrangen  ou  c6t1er  ou  de  cllmat  a  forte  humidltg  et  tempgratures  gle- 
vges  par  rapport  3  une  rlglon  sgche  de  Haute  montagne  (BARNETT,  1972,  YIGANTS,  1976).  la  GRANDE- 
BRETAGNE,  sltuge  dans  la  partle  climatlque  tempgrge  du  Nord-Ouest  de  l'Europe,  J.  DOBIE  a  trouvg  que  ce 
terme  ggocllmatlque  pauvalt  verier  de  7  dB  (DOBLE,  1979).  Enfln,  les  premldres  gtudes  qul  ont  gtC  faltes 
en  FRANCE  sur  1 'evaluation  de  ce  mEme  terme  ggocllmatlque  montrent  qu'11  peut  varler  aussl  de  plus  de  8dB 
(TJELTA,  et  autres,  dans  ce  volume). 

On  dolt  done  s'lnterroger  sur  1‘orlglne  de  cette  Influence  du  cllmat  et  sur  la  manure  de  la 
paramStrer.  L'gvaluatlon  qul  a  gtg  falte  jusqu'3  prgsent  du  terme  ggocllmatlque  repose  sur  les  analyses 
des  distributions  des  affalbllssements  3  frgquence  fixe  faltes,  par  exemple  par  rggresslon  multiple,  sur 
une  banque  de  donnges  de  propagation  d'un  volume  obligato! rement  limit!  (MARTIN,  et  autres  1985).  Une 
telle  analyse  est  indispensable  mais  dolt  gtre  prolonged  par  une  estimation  de  ce  terme  sur  des  donnges 
purement  cllmatiques.  Pour  attelndre  un  tel  objectlf,  des  mesures  a  long  terme  slmultanges  des  affalblls- 
sements  et  de  certains  paramgtres  cllmatiques  sont  Indlspensables  sur  plusleurs  liaisons  dans  dlffgrentes 
rgglons  cllmatiques.  Cette  gtude  est  en  cours  en  FRANCE  dans  11  stations  de  falsceaux  hertzlens  oO  l'on 
mesure  les  prlnclpaux  paramgtres  cllmatiques  et  slmultangment  sur  19  bonds  hertzlens  rellgs  a  ces  sta¬ 
tions  dont  on  enreglstre  les  variations  des  nlveaux  regus. 

On  se  contentera  cl-aprgs  de  donner  la  dgflnltlon  des  variables  cllmatiques  mesurges  qul  nous 
ont  paru  avoir  une  rgelle  Influence  sur  les  conditions  de  propagation.  On  trouvera  dans  les  rgfgrences 
(ARCHAMBAULT,  et  autres,  1982)  des  renseignements  dgtalllgs  sur  cette  expgrlence.  Dans  chacune  des  11 
stations  hertzlennes  survelllges,  un  dlsposltlf  d'acqulsitlon  de  donnges  donne  toutes  les  3  heures  60  mi¬ 
nutes  environ,  les  pourcentages  de  temps  pendant  lesquels  trols  affalbllssements  3  frgquence  fixe,  varia¬ 
bles  d'un  bond  a  1 'autre,  ont  gtg  dgpassgs  sur  deux  bonds  hertzlens,  ainsl  que  les  pourcentages  de  temps 
de  dgpassement  de  cinq  valeurs  du  gradient  de  coTndlce  de  rgfraction A  Ns/^h  mesurge  entre  le  sonnet 
et  la  base  de  la  tour  de  la  station  hertzlenne  consldgrge,  gradients  qul  sont  de  +  200,  +  100,  -  157, 
-  300,  -  450  en  unltgs  N/km.  Le  niveau  radloglectrlque  regu  est  mesurg  chaque  1/10  de  seconde,  et  les 
coTndlce  de  rgfraction  sont  calculges  toutes  les  trols  minutes.  A  chaque  fin  de  pgrlode  de  3  heures  50 
minutes,  le  dlsposltlf  d'acqulsitlon  donne  aussi  les  tempgratures  sgches  et  humldes  au  sommet  et  a  la 
base  de  la  tour,  la  presslon  atmosphgrique  3  la  base,  les  vltesses  mlnimale  Vm  et  maxlmale  Vu  et  la 
direction  du  vent  au  sommet.  On  connaft  done  3  chaque  pgrlode  la  dlffgrence  des  coTndlces  de  rgfraction 
ANy,  la  dlffgrence  des  tempgratures  seches  ATy,  l'gcart  entre  les  vltesses  du  vent  AV  *  tyrV 
Dans  tout  le  texte  qul  suit,  les  dlffgrences  aes  coTndlces  de  rgfraction  ANt  et  les  dlffgrences  des 
tempgratures  sgches  ATy  sont  les  dlffgrences  entre  les  valeurs  mesurges  au  sommet  et  les  valeurs  mesu¬ 
rges  3  la  base  de  la  tour  hertzienne.  Les  gradients  en  ont  gtg  dgdults.  Les  tensions  de  vapeur  d'eau  au 
sommet  et  3  la  base  de  la  tour  sont  calculees  3  partlr  des  tempgratures  sgches  et  humldes  qul  y  ont  gtg 
mesurges  ;  on  en  a  dgdult  leurs  gradients. 

L'objectlon  majeure  que  l'on  peut  falre  3  ce  type  d'expgrlence  porte  sur  la  fagon  dont  sont 
faltes  les  mesures  des  variables  mgtgorologlques.  Les  tempgratures  sgches  et  humldes  ne  sont  mesurges 
qu'en  deux  points  espaegs  vertlcatement  de  quel  cues  dlzalnes  de  mgtres.  Les  gradients  vertlcaux  des 
variables  ne  sont  pas  connus  avec  la  mgme  precision  que  dans  les  expgrlences  utilisant  une  radio-sonde 
sur  ballon  captlf  ou  blen  un  pyl8no  instrument!  disposant  de  plus  de  deux  points  de  mesure.  Nganmolns,  on 
constatera  ci-dessous  que  les  rgsultats  obtenus  dans  cette  expgrlence  sont  trgs  Interessants  g  plus  d'un 
tltre.  II  faut  ajouter  que  la  dlffgrence  de  hauteur  des  deux  psychromitres  servapt  aux  mesures  de  tempg- 
rature  varle  d'une  station  3  I'eutre. 


Relations  entre  les  statlstlqucs  d'affalbllssement  et  les  staclstlques  de  certalnes  variables 
meteoroiogtques 


La  station  de  mesure  dont  on  prgsente  ci-dessous  les  rgsultats  est  eelle  de  MONT  BE  HARSAN.  Ce 
eholx,  parml  les  onze  stations,  n'est  pas  le  fait  au  hasard.  II  est  dO  3  la  position  particuHire  de  MONT 
DE  HARSAN  sltuge  dans  une  vaste  rgglon  bolsge  et  assez  chaude  de  FRANCE  sous  forte  influence  oclanloue, 
o3  les  conditions  de  propagation  sont  souvent  assez  mauvalses.  Mux  bonds  hertzlens  sont  raccordgs  a  la 
Station  do  MOfiT  K  HARSAN  (figure  l).  L'un  de  45  km,  venant  de  HAILLAS,  est  dgslang  cl-apris  par  HAIILAS. 
L 'autre  de  56  km,  venant  de  LEHBEYE,  est  dgslang  par  LEHBEYE.  le  seufl  d'affaiolisscment  dopasil,  don: 
Its  pourcentages  de  dgpassement  seront  compares  3  ceux  des  variables  mgtgorologlques  gtudlges,  est  de 
26  dB,  affilblissement  toujours  situ!  dans  It  queue  de  la  distribution  sur  let  deux  bonds  hertzlens 
Studies  dsns  cette  station. 
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3.2.1  -  Us  gradients  de  coTndice  de  infraction  ^  ns^  h  atssurle  toutes  les  trots  minutes 

U  distribution  des-  gradients  de  coTndice  ANSM  g,  obtenues  pour  une  sSparatlon  verticals 
de  64  nitres  entre  les  deux  psyetiromltres,  est  donnle  stir  la  figure  2  pour  le  sols  de  flvrler  1985  et  ce- 
lui  di  septembre  1985  qul  est  dlfavorablo  sur  le  bond,  HULL  AS,  que  1'on  a  choisi  coewe  rlflrence  dsns 
cette  station.  Cette  Ifaison  de  45  km  et  de  rugositl  ncyenne  survole  surtout  des  surfaces  boisles.  Ces 
distributions  de  ANSM(,  concernent  les  mois  entiers.  Le  pourcentage  de  temps  de  dlpassement  da 
1 'affaiblisseaent  25  dB  a  Stl  en  septeirbre  8,5  fofs  plus  grand  qu'en  flvrler.  La  distribution  de  a  Ns/ a  h 
en  septembre  est  aussi  plus  df favorable  que  celle  de  flvrler.  '  “ 

Les  pourcentages  de  temps  de  franchissement  d'un  affaiblissement  ds  25  dB  sont  compares  mois 
par  mois  I  eeux  de  dlpassement  du  gradient  de  coTndice  au-dessous  du  seuil  de  -  157  unites  N/km  (figure 
3).  81en  que  nous  ne  disposlons  que  de  16  mois  de  mesures  correctes  des  coTndlces,  et  raalgrl  la  disper¬ 
sion  des  points,  il  apparatt  clalrement  qu'une  relation  existe  statlstlquement  entre  les  gradients  de 
coTndice  mesiirles  4  une  extrlmltl  d'une  liaison  et  les  Svlnements  de  propagation  qul  peuvent  se  produlre 
le  long  de  cette  liaison. 

Hals  du  fait  de  la  dispersion  des  points  sur  la  figure  3,  le  pourcentage  de  temps  de  dlpasse- 
atent  des  gradients  de  coTndice  apparaft  comae  un  Indicateur  Insufflsant  pour  prevotr  les  Svlnements  de 
propagation.  D'autres  variables  aetlorologlques  sentient  avoir  aussi  une  Influence  que  nous  allons  tent! 
de  dgcouvrir. 

3.2.2  -  Les  gradients  des  temperatures  slches 


Ces  gradients  ^  Tt/^).  sont  mesurles  une  fols  toutes  les  3  heures  50  minutes  environ  et  son 
exprlmls  en  ’C/km.  Pour  en  etudler  la  comparalson  avec  les  affalblissements,  les  gradients  de  tenpfratrc 
posltlfs  ont  It!  cholsis,  ceux-ci  Stant  glnlrateurs  de  situations  de  super-rlfractlon.  Les  pourcentages 
de  dlpassement  des  affaiblissenent  de  25  dB  semblent  relatlveoent  116$  aux  pourcentages  de  dlpassenent  de 
A  Tt/A  h  =  30*C/km.  Hals  la  relation  moyenne  que  l'on  pourralt  Stabllr  entre  ces  deux  categories  de 
pourcentages  ne  seralt  pas  encore  satlsfalsante  pour  en  falre  une  mlthode  de  prevision  des  affalbllsse- 
ments.  La  premllre  raison  semble  etre  le  fait  que  les  variables  mStloroUglques  qul  peuvent  avoir  une  In¬ 
fluence  sur  les  conditions  de  propagation  sont,  en  plus  de  la  temperature,  la  tension  de  vapeur  d'eau  et 
la  presslon  atmosphSrlque.  Ces  variables  6voluant  d'une  fagon  assez  peu  d6pendante,  11  apparaft  c|ue  la 
comparalson  mois  par  mois  des  r6sultats  dans  une  me  me  station,  mals  aussi  la  comparalson  des  stations 
entre  elles,  ne  pourra  etre  falte  que  si  les  temperatures  et  les  tensions  de  vapeur  d'eau  sont  rapportles 
6  une  mime  pressfon  de  rlflrence. 

3.3  -  Variables  potentlelles 

L'1d6e  de  modifier  les  variables  m6t6orolog1ques  en  fonctlon  de  la  presslon  atmosphSrlque  a  6t6 
proposle  par  KATZ  (CRAIG  et  autres,  1951  ;  BEAN  et  DUTTON,  1966)  qul  propose  de  cholslr  une  presslon  de 
rlflrence  P0.  La  temp6rature  absqlue  T,  obtenue  a  la  presslon  P,  devlent  la  temperature  potentlelle  : 

(1)  Tp  •  T  (Po/P)0.286,  *K 

De  mSme,  la  tension  de  vapeur  d'eau  potentlelle 

(2)  EP  -  E  <P0/P),  en  mb 

o3  E  est  la  tension  de  vapeur  d'eau  exlstante  6  la  presslon  P. 

Le  coTndice  de  refraction  potentlel  sera  alors 

(3)  Np  -  [  PQ  +4810  3 


Prenons  P0  *  1000  mbars,  on  peut  Seri re 

(4)  Np  ,22+fEf  ^0,714  t3(7Ji,05  E^IOOOjO.428 


Les  expressions  (1),  (2)  et  (4)  ont  StS  utillsles  pour  calculer  les  variables  potentlelles  au 
bas  de  la  tour  en  utlllsant  la  presslon  atmosphSrlque  Pg  mesurSe  en  ce  point.  La  presslon  atmosphSrlque 
au  somtet  Pu  est  obtenue  en  soustrayant  i  la  presslon  P»  en  bas  le  poids  de  la  colonne  d'alr.  Les 
variables  potentlelles  au  somet  de  la  tour  ont  StS  calculees  en  utlllsant  la  presslon  Pg  au  sommet  et 
en  prenant  une  presslon  de  rlflrence  i 

Poh  *  1000  -  (Pg  -  Pg),  en  rt) 

Alnsl  la  tempSrature  potentlelle  au  soamwt  est  donnle  par 

(5)  TpH  -  TH  <P0H/Ph>°*2S6.  «  *•< 

La  tension  de  vapeur  d'eau  potentlelle  au  soaMet  est  alors  donnle  par  : 

(6)  Epu  “  Eh  (Pqh^K  *0  * 


Us  variables  potentlelles  sont  IndSpendantes  de  la  presslon  atmospWriquo  et  done  aussi  de 
1 'altitude  des  stations.  Elies*  peuvent  done  servfr  I  comparer  las  carectlrlstiques  mltlorologtques  des 
stations  entre  elles.  Mils  elles  ont  aussi  le  grand  IntlrSt  da  permettre  da  comparer  entre  tux  les  dfffl- 
rents  mots  de  mesure  dans  une  mime  station.  U  coTndice  de  infraction  au  soaoet  est  celcull  en  utlllsant 
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la  tanpSntur'  potentlelle  donnee  par  (5)  et  la  tension  de  vapeur  d'eau  donnee  par  (6). 

3.3.1  -  Les  gradients  des  temperatures  seches  potentlelles 

Les  coTndlces  de  refraction  potentlels  sont  calcules  a  chaque  pfriode  de  3  heures  50  minutes. 
Les  pourcentages  de  temps  de  dlpassement  de  certalnes  valeurs  des  gradients  de  ces  cofndlces  de  refrac¬ 
tion  potentlels  prSsentent  une  correlation  Insuffisante  avec  les  pourcentages  de  temps  de  depassement  du 
seull  25  dB  d'affalbllssement.  Les  fractions  du  mols  avec  depassement  des  gradients  des  temperatures 
seches  potentlelles  ATp/Ah  et  les  fractions  du  mols  avec  depassement  du  seull  25  dB  d'affalbllsse- 
ment  sont  au  contralre  Dien  correies  sur  le  bond  hertzlen  de  reference,  MA1LLAS,  qul  a  6t£  cholsl  a  MONT 
DE  M/VRSAN.  Le  seull  cholsl  pour  les  gradients  de  temperature  est  trds  net  cement  posltif,  _ATp/Ah  * 
30’C/km,  parce  qu‘un  tel  gradient  cree  des  situations  de  super-refraction.  On  salt  quMl  a  ete  observe 
sur  une  liaison  que  les  affalbllssemento  superleurs  a  10  dB  etalent  d'autant  plus  frequents  que  la  valeur 
de  A 17  A1  etalt  plus  forte  (SCHIAVONE,  1983)  et  au  molns  superleur  a  5*C/km.  Sur  la  figure  4,  chaque 
point  represente  un  mols  de  mesures  effectuees  en  1984  ou  blen  en  1985.  La  courbe  moyenne  qul  semble 
representer  le  mleux  cet  ensemble  de  points  a  une  equation  de  la  forme  : 

(7)  log  Py  =>  kj  log  Pa  +  k2 

ou  Py  est  la  fraction  du  mols  avec  depassement  du  seull  ATPMh  *  30‘C/km,  Pa  est  la  fraction  du 
mols  avec  depassement  du  seull  25  dB  d'affalbllssement,  kj  «  0,40ret  k2  ■  0,405. 


k2  ■  0,405. 


II  est  evident  que  le  nombre  de  points  de  mesure  est  encore  Insufflsant  pour  af firmer  que  les 
valeurs  cholsles  pour  kj  et  k2  sont  les  mellleures. 

3.3.2  -  Les  gradients  des  tensions  de  vapeur  d'eau  potentlelles 

La  figure  5  montre  la  relation  qul  peut  exlster  entre  les  fractions  du  mols  pour  lesquels  les 
gradients  de  tensions  de  vapeur  d'eau  potentlels  sont  plus  petlts  ou  egaux  3-10  mb/km  et  les  fractions 
du  mols  avec  dSpassement  de  A  plus  grand  ou  Sgal  4  25  dB  pour  un  certain  nombre  de  mols  de  mesure  en  1984 
et  1985  3  MONT  LE  MATS AN.  Les  points  sont  blen  plus  disperses  que  dans  le  cas  des  gradients  de  temperatu¬ 
res  potentlelles.  Kalgrl  cette  dispersion  une  courbe  moyenne  representative  de  la  relation  entre  les  phe- 
nomenes  peut  Itre  tracee  ;  elle  est  de  la  forme  : 

(8)  log  Pf  *  kg  log  Pa  +  k4 

oil  Pg  est  la  fraction  du  mols  avec  depassement  du  seull  A  Ep/Ah  ■  -  1°  ni>/km,  (Pa  a  &t$  dSflni 
cl-dessus)  et  ki  *  0,218  et  k4  -  0,389.  On  peut  encore  ajouter  qu'un  certain  no  '  re  de  points  de 
mesure  supplemental  res  s'lmpose  pour  afflner  les  termes  nu;«erlques  de  cette  relation  (Bj.  Les  valeurs  1n- 
flrleures  ou  egales  3-10  mb/km  ont  ete  prises  en  compte  parce  qu'elles  correspondent  general ement  3  des 
situations  ds  super-refraction.  Toutefols  11  est  possible  qu'une  autre  valeur  solt  mleux  correiee  avec 
les  affalbllssements.  Les  analyses  futures  des  donnees  permettront  de  le  savolr. 

3.4  -  L1 Influence  du  vent 

Durant  chaque  perlode  de  3  heures  50  minutes  les  vltesses  mlnimale  et  maxlmale  attelntes  par  le 
vent  sont  mesurfes.  II  est  Intultlf  de  penser  que  les  conditions  les  plus  favorables  3  la  citation  de 
couches  rgfractantes  uniformes  de  grande  Itendue  apparalssent  avec  un  vent  relatlvement  stable  en  vltesse 
et  en  direction.  La  difference  A  V  entre  la  vltesse  maxlmale  et  la  vltesse  mlnimale  du  vent  a  Itl  utlllsSe 
corme  crltlrc  de  stahllltS  de  la  vltesse  du  vent.  Les  fractions  du  mols  pour  lesquelsAv  B  5  m/s  ont  It! 
compares  aux  fractions  du  mols  avec  depassement  de  A  25  dB.  Une  relation  Ivldente  exlste  entre  ces  frac¬ 
tions  du  mols  (figure  6).  La  courbe  moyenne  representative  des  points  da  mesure  est  reprlsentlo  par 
1 ‘equation  : 

(9)  log  Py  «  ks  log  Pa  +  kg 

ofl  Py  est  la  fraction  du  mols  avec  depassement  du  seull  Av  *  5  m/s,  PA  4  6t£  dlflnl  cl-dessus,  et 
kg  •  0,136  et  kg  ■  0,227. 

La  stabllltl  de  la  direction  du  vent  sera  Itudllo  et  publlle  ultl'leurement.  Le  cholx  de  5  m/s 
pour  le  seull  des  variations  de  vltesse  du  vent  est  arbltralre.  II  a  It!  Inspire  par  les  observations  de 
USAI  (1959)  sur  1'lmportance  des  vents  falbles  dans  1 'apparition  des  falbles  gradients  vertlcaux  des 
coTrdlcos  de  infraction. 

3.5  -  Correlation  entre  les  3  variations  mltlorologlques  util  isles 


Certains  mols,  1  MONT  DE  HkRSAN,  en  1985  les  gradients  des  temperatures  potentlelles  sont  rela¬ 
tlvement  eorrllls  avec  les  gradients  des  tensions  de  vapeur  d'eau  potentlelles.  Le  coefficient  de  corre¬ 
lation  meyen  entre  les  variables  ATP/Ah  *t  AEp/Ah>  P°ur  1e*  dont  on  peut  garantjr 

1 'exactitude  des  dvnntes  mltlorologlques,  est  de  0,295.  L#  coefficient  de  correlation  moyen  ATp/Ah 
•A  V  entre  les  gradients  des  temperatures  potentlelles  et  la  variation  de  vltesse  du  vent  est  de  -0,01285 
;  le  coefficient  de  correlation  moyen  A  Ep/  A  h**A  V  est  de  -  0,012.  la  dlpendance  evldente  des  grt- 
dtents  de  temperature  potentlelles  et  des  gradients  des  tensions  de  vapeur  d  etu  potentlelles  n'est  pas 
suff1ia*m»nt  Itrolte  pour  condamner  toute  tentative  de  recherche  des  probaMlltls  jo  Intel  de  ces  varia¬ 
bles  mltlerologlquts. 

3.6  *  ProbtbllUls  Jolntes  des  variables  mltlorologlques 


Certains  des  coefficients  de  corrflatlon  er.t>*  les  variables  ATP/ Ah<A  Ep/A  h.  ft  A  V 
sont  trls  felbles.  On  rdglloers  done  dans  ee  qul  suit  la  petite  dfptndancs  observe*  entre  ATp/An. 
et  Afp/Ak,  te  prohibltstl  joint*  cumuli*  de  dlpassement  des  seulls  ATp/Ah  *  30’C/km, 
A  Ep/Ah“  10  mo/km  etAV  ■  5  m/*  est  done  Igale  I 
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■  1 


(10)  Pj  *  Pr  X  Pr  X  Py, 
d'ofl  en  utlllsant  (7),  18)  et  (9)  : 

log  Pj  *  (kl  +  k3  +  ks)  log  Par  +  (1(2  +  IC4  +  kg) 
soit 

(11)  log  Pj  «  k7  log  Par  +  kg 

o3  k7  «  0,755,  kg  *  1,021. 

et  ofl  Prr  concerne  le  bond  de  rlflrence  R.  Nous  devons  rappeler  que  la  relation  (11)  n'est  vrale  que 
pour  la  probability  Prr  de  dlpasser  un  affalbllssement  de  25  dB  et  que  pour  la  liaison  de  rlflrence 
ou  Men  toute  liaison  qul  posslderalt  les  mimes  caractlrlstlques  glographlques  et  radlollectrlques,  quel- 
que  soit  le  climat. 

Le  prodult  Pj  des  trols  probabllltls  lllmentalres  pour  dlfflrents  mols  de  mesure  de  1984  et 
1985  sur  le  bond  hertzien  de  rlflrence  est  reprlsentle  sur  la  figure  7.  La  courbe  moyenne  calculSe  selon 
(11)  y  a  Ste  trade.  Cette  courbe  moyenne  calculle  ne  somble  pas  etre  la  mellleure  courbe  moyenne  des  va- 
leurs  de  Pj.  Cecl  est  sans  doute  dO  a  la  dlpendance  de  ATp/4n  et  de  A Zp/A  h- 

Nlont  StS  reprlsentls  que  les  mols  pour  lesquels  des  mesures  exactes  des  trols  variables  mytlo- 
rologlques  ont  pu  etre  obtenues.  II  est  certain  qu'un  plus  grand  nombre  de  points  de  mesure  serait  nlces- 
salre  pour  obtenlr  la  courbe  moyenne  exacte  et  done  les  valeurs  numlrlques  correctes  de  k7  et  kg  dans 
l'lquatlon  (11). 


Normalisation  par  rapport  3  la  liaison  de  rlflrence 


II  est  connu  que  1 'on  peut  repdsenter  la  queue  de  la  distribution  des  affalbllssements  3  fd- 
quence  fixe  du  mots  le  plus  dSfavorable,  dont  la  pente  est  celle  de  'a  queue  de  la  distribution  de  Ray¬ 
leigh,  par  un  prodult  de  termes,  caractlrlsant  la  liaison,  llevls  3  certalnes  puissances  (CCIR,  1986). 
Plusleurs  auteurs  ont  cherchl  3  rendre  aussl  prlclse  aue  possible  une  telle  expression  en  ajoutant  a 
I'expressfon  du  CCIR  d'autres  facteurs,  caracterlsant  l'lnfluence  possible  du  climat  (MARTIN  et  autres, 
1985)  :  TJELTA  et  autres,  (tens  ce  volume).  Alnsl  la  probability  d'avolr  un  affalbllssement  suplrleur  3 
Ag,  Ag  Itant  situ!  dans  la  queue  de  la  distribution  peut  etre  reprlsentle  par 

-*o/10 

(12)  PA  -  K  IT  Ft  (xi)  10 
I 

oO  xf  sont  les  variables  qul  caractlrisent  la  liaison,  Fj  sont  les  fonctlons  de  ces  variables  et  k‘ 
est  le  facteur  qul  caractlrlse,  pour  la  propagation,  le  climat  du  mols  le  plus  dlfavorable  dans  la  region 
oO  se  trouve  le  bond  hertzien  Itudll.  On  ne  doit  pas  oubller  que  la  valeur  de  K  peut  dlpendre  aussl  du 
nombre  des  variables  x<  que  1'on  a  choisi  et  du  type  des  fonctlons  F<  de  ces  variables.  Done  dans  une 
expression  telle  que  (12),  ne  pas  tenir  compte  de  certalnes  variables,  qul  ont  une  influence  Importante 
sur  la  probability  de  dlpassement  Pr  aura  pour  effet  de  rendre  K  dependant  de  ces  variables, 


Soit  :  ”*o/l0 

(13)  Par  *  Kr  FT  Fj  (xRj)  10  ,  la  probability  de  dDpasser  un  affalblls- 

I  sement  quelconquo  Ag  sur  le  bond  de 

rlflrence  Indlcl  R  (MAILLAS) .  Soit  aussl  Kr  le  facteur  qul  caractlrlse  lo  cl  1  mat  dans  la  region  de 
ryfyrence  cholsle,  3  savolr  HONT  06  HARSAN. 


(14)  PAL  «  KiJTF|  (x(j)  10  ,  la  prob 

dans  une  Higlon  de  facteur  cllmatique  Ki.  On  peut  krtre 

'  U  K 

(  4  C\  .  AR  R  r 

(15)  *v  «lF« 

oQ  fn  *  tjtXt7 


,  la  probability  de  dSpassor  un  affalbllssement 

quelconque  Ag  sur  un  bond  quelconque  L  situ! 


L'expreeslon  (15)  peut  aussl  s'lcrlre  : 

(16)  PALN  *  PAL,fN  "  PAR-KL/Kn 

ofl  P/A|u  est  la  probability  de  dlpssstr  1 'affalbllssement  Ag  qul  aural t  yty  observle  »t  Je . l 
avalt  i*s  mimes  ceractyrlstlques  glogrsphlquts  et  radlollectrlques,  xri,  que  le  bond  dt  rltyrence  R. 
Lts  dlff Irenes s  entrs  Paln  •*  Par  ne  seront  dues  qu’aux  differences  entre  les  cllmats.  ft  est 
le  facteur  A  normalisation  qul  penaet  de  passer  des  ceractyrlstlques  gfographiques  et  radldlectHques 
du  bond  L  I  celles  du  bond  de  Htflrence  ft.  L'lquatlon  (11)  qul  relie  'es  statistiques  sur  let  donnles  de 
propagation  aux  axatlstlques  sur  les  donnles  mltlorologtques  pour  la  bond  de  rlffrence  R  peut  a) or)  aussl 
s'tppllqutr  I  Pain  «ux  donnles  m(tlorolog1ques  du  bond  L. 

Les  probabllltfi  Pal  de  dfpet sement  d’un  affalbllssement  de  25  d#  sur  1*  deuxllme  fcyq  Itu- 
dll  I  MONT  06  MARSAN,  LEH8EY6,  ont  It!  nortMlfs(es,  Solent  Prlk.  *6  reprlttntles  sur  le  figure  6 
avec  les  valeurs  du  bond  de  rlflrence  R.  Cas  nouveaux  rlsulttts  montrent  qua  le  courbe  mjyenne  calculle 
selon  t 'expression  (11)  n'est  pas  vrafment  satlsfaisante.  la  courbe  aoyenne  estlmfe  la  aellleure,  trade 
sur  ta  figure  8,  est  obtenuc  avec  Its  valeurs  k7  ■  0.658  et  kg  *  0.686.  la  dispersion  des  points  au- 
tour  de  la  courbe  moyenne  eatlmt*  seeble  montrer  que  d'autres  variables  mftlorologiqoes  ont  aussl  une  in¬ 
fluent*  sur  lea  affalbllsiamenti.  L ‘expression  (II)  est  vrtle  pour  la  liaison  da  rlflrence  da  KWT  06 
MAP  SAN  et  pour  toute  autre  Halton  dont  un  aura  normality  la  valeur  da  Pr  par  rapport  1  ta  liaison  de 
rlflrence,  quelque  soit  1*  dgion  cllmatique  cholsle,  o0  Pr  est  U  probability  de  dfpttter  1* 
effalbllasement  do  25  dB. 
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.3.8  -  Us  facteurs  gSocllisatlgues  absolu  K  et  relatif  6 

L ‘expression  (11)  peut  s ‘Seri re  : 

(17)  par  -  [  ]1/k7 

1  ia'bJ 


ou  Pjp  est  la  probability  jointe  des  variables  mStforologlques  correspondant  aux  conditions  climatl- 
ques  les  plus  dSfavorables  durant  un  mois  dans  la  rSglon  de  rSfSrenee  R.  Pour  le  bond  de  rSfSrence  de 
MONT  DE  HARSAN,  et  pour  le  mois  le  plus  dSfavorable  (septenbre  1985),  on  peut  Scrtre  en  utlllsant  (13)  et 
(17)  : 


W10"8] 


pour  A<j  *  25  d8, 


TTVxRI)io- 


Kr  Stant  le  facteur  gSodlmatlque  absolu  du  bond  hertzlen  de  rSfSrence  R.  La  valeur  de  Kr 
dSpend  des  variables  gSographlques  et  radioSlectrfques  xri  et  des  fonctlons  qui  ont  StS  cholsies 
pour  reprSsenter  la  probabllltS  de  dSpassement  d'un  affalbllssement  de  25  dB  pour  le  mois  le  plus  dSfavo¬ 
rable.  II  est  alors  possible  de  calculer,  pour  les  dlffSrentes  rSgtons  cllmatlques  occupSes  par  un  rSseau 
hertzlen,  les  Scarts  de  la  valeur  de  K[_,  correspondant  au  mois  le  plus  defavorable  dens  la  L  ISme 
rSglon  cllmatlque,  par  rapport  5  la  valeur  de  rSfSrence  Kg  de  la  rSglon  climatique  de  rSfSrence. 

D'aprSs  (14)  on  peut  Seri  re  : 

(19)  KL  »— - 

Tlri‘xuno  ' 


pour  Kq  «  25  dB. 
D'aprSs  (16), 


120)  P/^  •  Palp/p  *  ?nH 


77l(xu) 


TT  t(xRl) 


0‘4prd$  (11),  on  peut  atmi  Scrlre  : 

-an  pau,  . -JM 


O'ofl  en  combi nant  let  expressions  (18).  (19).  (20)  et  (21)  : 


oO  k;  *  0,658 


Gi  est  le  facteur  gjocllmatlque  retail f  de  le  rSglon  cllmatlque  L  camparS*  3  la  rfglan  cliiw- 
tique  de  rSfS-enee  R,  L'eipmslon  (22)  a  Sti  Stabile  sur  la  bsse  de  repression  (1!)  •  elte  ft'esl  ®«c 
valabl*  que  pour  le  prodult  Pj  des  probabllltSs  des  variables  mStSorologlques  utlHsSes,  3  tasjlr  le 
gradient  verttcel  de  la  teapSratur*  potmielle  mHurfe  en  «fcu*  points,  le  yadtent  wrtteal  de  la  ten¬ 
sion  de  vapeur  d’eau  potentlelle  en  2  points  et  la  variation  de  vitesse  du  vent.  De  plus  la  valeur  wmt- 
rlque  de  kj,  {gale  3  0,658  dans  notrt  (tude,  dSpend  aussi  des  variables  mfteorologlques  utilities  et 
peut-Stre  aussi  de  la  profondeur  d'affalbtisscment  124  dB)  utllltSo  «aee  teuil  pour  )e  dwlx  de  la 
probabllltS  P*. 

Ce  facteur  gSocltmatlquc  relatif  6^  do  la  L  lime  rSglon  compart*  3  la  rSglon  de  rSfSrence  », 
peut  Stf#  uttlement  represents  par  ton  logarithm#  t>.  II  me  dfpend  que  des  variables  mStSorologlqycs.  Hals 
cette  expression  122)  n'est  salable  que  st  lei  variables  difflrantielles  Atp/  *h  el  A  £*/  Ae,. 
rapportSes  au  km,  ont  4tS  mesurSes  lur  des  dlffSrences  de  hauteur  Sgate.  On  salt  en  cfftl  que  la  distri¬ 
bution  des  gradients  de  r.olndkes  de  refraction  varle  avec  cette  difference  de  hauteur  (RQW.H83). 
11  en  est  certalnement  de  mSee  des  gradients  de  tempSratures  et  des  gradients  de  tension  de  vapour  d'eau. 
Dans  le  futur,  on  devra  tenlr  comet#  de  ces  variations  de  dlfflrerces  de  hauteur  pour  1 'application  de 
1 'expression  (221.11  wra  souhalUble  d'adopter  pour  celt#  dtfflrence  de  hauteur  use  valeur  standard,  80 
ou  100  mitres  par  ewtmple,  la  dlfflrence  de  hauteur  des  psychrpmStre*  est  d'envtron  64  a  3  W)Ni  CC  HMSW 
et  de  7j,3  ■  3  0SltA#5.  (.'application  de  reipresstoh  122)  djnne  un  client  'radtoflectrlque*  plus  favora¬ 
ble  I  OfllEANS,  -  7,5  d8,  uar  rapvort  3  >0)T  Of  NPR5AK.  Cette  oltur  est  sans  doute  Ifiirement  plus  fete, 
t'leart  das  psychrumStres  Stant  plus  grand  5  HUfJUiS.  A  LYON,  la  dlffSrence  de  hauteur  est  de  82.6  *,  ct 
t}u!  aura  pour  effet  d*  dlmlnuer  aussi  P.st‘  Sant  appllauer  de  correction,  en  trouve  que  1#  dimat  de 
LYON  est  aussi  plus  favorable  do')  NDNT  Of  HAASAN,  1'ikart  dSpassant  sans  (toute  -  15  it. 

4  -  CONCLUSION 

Cette  (tude  du  cllmatn'en  est  qu'l  son  dfbut  at  elle  cesnaftra  encore  blen  des  dfvelccpemtnts. 
file  eentre  ou'unc  reUtion  asset  Stroke  exist*  entre  des  variables  erftSorologlques  mesurSes  1 
extrSmltS  d'un  bond  heruieh  et  Its  phfnomcnes  de  propagation  en  air  clelr  apparalttant  sur  ce  bond,  qui 
peut  avoir  une  longueur  de  plusieurt  dizain#*  de  kllomStres.  tile  montr#  auitl  que  let  soncsgei  vertlcaux 
de  1'atmasphSr#  3  1'alde  d'un  ballon  captlf .  si  toCteux  en  temps,  on  argent  et  on  personnel  ne  s'leposent 
pat  nScessalremeot  pour  des  Studts  sutisttquet  de  longue  dirt#.  Oh  mSthedet  de  toAdage  plus  simples. 
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que  I'on  effectue  durant  plusleurs  annges,  sont  sufflsantes  pour  la  connalssance  du  cllmat  "radloilectrl- 
que*.  line  analyse  plus  approfondle  de  1 'influence  du  gradient  de  coTndice  local  et  du  vent  devra  ausst 
etre  condulte.  Enfin,  1‘exlstence,  dans  une  i*ne  banque,  de  donnees  de  propagation  et  de  donnfes  mltforo- 
loglques  est  extreme  sent  utile  8  ia  comprehension  de  certains  phlnom?n«s.  On  devralt  pouvolr  alnsl  donner 
les  raisons  de  1'apparltlon  sur  certains  bords,  dont  le  dSgagement  est  falble,  d’affalbllssements  anor- 
maux.  Une  telle  Stude  a  5t?  condulte  pour  mleux  connaftre  1 'Influence  du  cllmat  sur  les  distributions  des 
affalbllssements  3  frequence  fixe,  sur  une  ou  plusleurs  frequences.  Cette  etude  ne  peut  done  pas  rempla- 
cer  celles  qul  ont  8tf  merges  rgeemment  pour  la  comprehension  dltalllge  <fe  l’lnfluence  du  cllmat  sur  la 
silectlvitg  des  ivanoulssemente  en  air  clalr  (SYLVAIN,  1983). 
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REMERCIFMENTS 

Nous  tenons  &  remercler  toutes  les  porsonnes  qul  ont  rendu  possible  la  realisation  de  cette 
?tude  nouvelle  en  FRANCE  et  toutes  celles  qul  de  pres  ou  de  loin  ont  partlclpe  i  la  collocte  des  donn6es 
et  3  leur  pr6tra1tement. 


ARGOS 


IMPLANTATION 
DES  BALISES 


Figure  1 

Implantation  des  dlsposittfs  d'aoqulsltion  dr  donnees  en  FRANCE 
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MONT  DE  MARSAN  1985 


Figure  2 

Distributions  des  gradients  de  colndice  de  rcfractlonANjmesure  cheque  3  minutes. 


Figure  3 

halation  entro  las  pourcentagos  du  temps  aves  depassement  d'un  affalbllssement  de  73  dj).  d'une  pert 
et  avec  depassement  de  la  valour  6Nj  •>  -137  N/ka,  d'autre  part  (chaque  point  represante  un  mol*  de 
me sure) .  /A  h 


MONT  OE  MARSAN  1»#A  at  1983 


f.igww  b 

Relation  wire  Us  fractions  du.molii  ave  depdtseasw.  d'un  nff;  IbUssement  de  75  dO.  d'une  part  et 
avec  depanwsent  d«  la  vajaur  *>.  -X}V‘r  .  d'autre  part.  ICt  iqu i  point  represent*  un  mol*  de  mature). 

-•  'A*  . 
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MONT  DE  MARSAN  1984  *1  i985 


Figure  5 

Relation  entre  les  fractions  du  mols  avec  dcpassement  d'un  affalbllssement  de  25  dB,  d'une  part  et 
avec  dopassenent  du  la  valeur  diD  s  -10  mb/km,  d' autre  part. 

VAh 


V4  «#•*  «•* 

Figured 

Relation  entre  Us  fractions  du  awls  avec  depaaaooent  d'un  affalbllssooent  de  25  dU,  d'une  part  ot 
avec  depasseoent  do  la  valour  8  V  «  3  a/s,  d'eutro  part. 


MONT  06  MARSAN  1984  *t  1088 
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Figure  7 

Relation  entre  let  fraction*  du  wit  avec  deoatseoent  d'un  affalblisseoent  de  23  dll  el  les  probabllUet 
joint**  dte  variables  •itoorologlgue*  pour  le  bond  de  reference  de  HUM!  DC  KMtSAR. 
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figure  8 

Relation  entre  lea  fractions  du  aoij  aveo  depassement  d'un  affalbllsaement  de  25  dB  et  lea  probabtlitoa 
Jolntea  dea  variables  laeteorologlques  pour  lea  deux  bonds  de  HOHT  OE  KANSAN  et  pour  lea  mots  les  plus 
dofavorablea  doa  deux  bonds  d‘ ORLEANS. 


RADIO  AND  RADAR  “HOLES”  AND  MULTIPATH  ZONES:  THE  GLOBAL  AND  LOCAL  INFLUENCES  ON 
ATMOSPHERIC  REFRACTIVE  STRUCTURE  AND  RESULTING  ADVERSE  RADIO  AND  RADAR  PERFORMANCE 

by 

OwenR.Cote 
James  FJvlorrissey 
Yutakalzumi 

Air  Force  Geophysics  Laboratory 
Hanscom  AFB,  MA  01731-5000 
USA 


ABSTRACT 

With  the  increasing  use  of  higher  capacity  digital  radio  systems  on  line-of-sight  (LOS)  and  troposcatter  (Tropo)  radio 
paths,  the  role  of  atmospheric  refractive  structure  as  a  cause  of  multipath  or  frequency  selective  fading  becomes  of  an 
increasing  importance  in  meeting  long-term  path  performance  standards.  Results  from  recent  USAF  field  testing  of  digital 
LOS  and  Tropo  path  performance,  in  which  concurrent  fine  vertical  resolution  refractivity  profiles  were  also  made,  show 
that  multipath  effects  on  LOS  and  TROPO  complement  each  other  both  performancewise  and  wcatherwisc.  Maximum 
multipath  delay  is  a  clear  propagation  path  related  event  in  LOS  and  a  heavy  rain/thunderstorm  related  event  in  TROPO. 
Because  radio  holes  and  multipath  zones  occur  concurrently,  being  produced  by  the  same  refractive  ducting  layer,  LOS 
paths  can  be  designed  to  minimize  the  occurrence  of  frequency  selective  fading  at  the  possible  expense  of  some  increase  in 
non-frequency  selective  fading  under  strong  ducting  conditions.  Path  length  is  less  important  in  effecting  path  performance 
than  ducting  layer  strength  and  geometry.  The  rule  that  maximum  multipath  delay  goes  as  the  third  power  of  path  length  is 
not  confirmed  by  measurements.  Measured  maximum  delay  on  an  LOS  is  better  represented  by  a  half-power  dependence  on 
path  length. 

Finally,  the  ray  trace  analysis  coupled  with  fine  resolution  refractivity  measurements  obtained  during  the  LOS  and 
TROPO  field  tests  can  be  applied  to  the  geometry  of  an  airborne  radar  emitter.  Such  a  study  also  shows  a  pattern  of  radar 
holes  and  multipath  zones.  Performance  measure  for  the  three  systems,  digital  LOS,  digital  Tropo,  and  airborne  early 
warning  radar  based  upon  atmospheric  refractive  structure  will  be  presented  and  related  to  atmospheric  global  weather 
patterns. 


DISCUSSION 


E.VUw 

Considering  the  speed  at  which  the  nulls  move  across  the  bandwidth,  could  you  please  give  us  an  indication  about  how 
tut  we  need  to  take  a  ‘snapshot’  of  the  channel  to  freeze  It. 

Author’*  Reply 

Estimates  of  the  shape  of  die  spectrum  across  the  band,  the  Impulse-response  function,  and  bit-error-rate  were 
computed  once  per  second.  “Notches"  were  observed  to  move  across  the  band  at  about  3  MHz/scc.  Hubbard,  of  ITS 
Boulder,  believes  that  more  dynamics  will  be  observed  over  time  periods  shorter  than  one  second.  For  the  propagation 
test  there  Is  probably  more  information  ou  tills  question  In  the  blt-error-burtt  data  and  <  refer  you  to  Rob  HutUunt  »< 
the  Institute  of  Telecommunication  Sciences,  Uouklcr,  Colorado. 


THE  CORRELATION  BETWEEN  METEOROLOGICAL 
AND  LOW-LEVEL  ANGLE-OP-ARRIVAL  MEASUREMENTS 

J.  Litva  and  P.  Bauman 
Communications  Research  Laboratory 
McMaster  University/  Hamilton,  Ontario,  Canada 

N.R.  Pines 

Communications  Research  Centre,  Ottawa,  Ontario,  Canada 


Although  not  widely  appreciated,  anomalous  propagation  can  cause  serious  low-angle 
tracking  errors.  In  fact,  it  may  be  argued  that  errors  due  to  propagation,  in 
particular  propagation  within  evaporation  ducts,  are  now  as  large,  or  even  larger  in 
some  cases,  than  those  caused  by  inaccuracies  which  are  inherent  to  superresolution 
algorithms.  The  study  of  errors  due  to  anomalous  propagation  forms  the  central  thrust 
for  this  paper.  In  particular,  this  paper  describes  an  investigation  into  the  correla¬ 
tion  between  data  from  collocated  radio  and  meteorological  experiments,  _ _ _ 

The  data  analyzed  and  reported  on  in  this  paper  have  been  recorded  on  the  Ottawa  River 
and  consist  of  both  radio  and  meteorological  measurements.  The  measurements  were  carried 
out  using  a  low-level  beacon  and  a  large  synthetic  aperture  antenna,  which  is  called  a 
"vertical  profiler".  The  primary  radio  parameters  consist  of  the  angles-of-arrival  of 
the  direct  and  multipath  signals  from  the  beacon.  The  primary  meteorological  parameters 
are  relative  humidity,  temperature,  and  barometric  pressure. 


1.  INTRODUCTION 


1.1  The  Low-Angle  Propagation  Problem 

In  recent  years  a  considerable  amount  of  research  has  been  devoted  to  a  near- 
classical  problem  which  is  commonly  referred  to  as  “low-angle  radar  tracking"  [1] .  It  is 
primarily  a  multipath  problom,  wherein  reflections  from  the  sea  surface  enter  the  main 
beam  of  a  shipborne  tracking  radar  and  seriously  degrade  its  performance.  The  overriding 
objective  therefore  of  the  research  has  been  to  improve  the  performance  of  fire-control 
radars  operating  in  multipath  environments.  Most  of  the  work  to  date  has  been  concentrated 
in  the  area  of  signal  processing,  wherein  superresolution  algorithms  have-  been  conceived, 
developed,  tested  and  accepted  or  rejected  based  on  their  effectiveness  in  separating  a 
target  from  its  image  and  then  providing  an  accurate  estimate  of  the  target's  elevation. 
The  state-of-the-art  has  now  progressed  to  the  point  where  other  relevant  factors  must 
be  considered,  such  as  refraction  effects  associated  with  low-angle  propagation. 

It  should  be  recalled  that  electromagnetic  waves  propagating  within  the  earth's 
atmosphere  do  not  travel  along  straight  lines,  but  rather  are  generally  bent  or  refracted. 
In  duats  this  effect  is  enhanced  because  the  refractive  index  gradients  are  considerably 
greater  than  in  a  normal  atmosphere.  One  effect  of  refraction  is  to  extend  the  distance 
to  the  horizon,  thus  increasing  the  radar  coverage.  Again,  in  ducts  this  effect  becomes 
greater,  to  the  point  that  over-the-horizon  propagation  becomes  possible.  Another  effect 
is  the  introduction  of  errors  in  the  measurement  of  angle.  This  becomes  particularly 
serious  for  low-angle  targets  because  the  propagation  paths  tend  to  be  largely  parallel 
to  the  earth's  surface  and  are  therefore  more  susceptible  to  tropospheric  rofraction. 

It  may  be  argued  that  the  errors  due  to  propagation,  in  particular  propagation  in 
evaporation  ducts,  are  now  as  large,  or  even  larger  in  some  cases,  than  those  caused  by 
inaccuracies  inherent  to  superresolution  algorithms.  This  would  suggest  that  a  comparable 
effort  to  that  devoted  to  radar  signal  processing  is  now  warranted  for  investigating  the 
effect  of  anomalous  propagation  on  radar  tracking,  aa  well  as  developing  techniques  for 
reducing  these  errors. 

with  this  in  mind,  tha  objectives  for  the  research  being  reported  on  here  are  to 
analyse  the  Ottawa  River  data  bate.  In  particular,  to  lnveatigite  the  correlation 
between  radar  angle-of-arrival  and  mataorologlnsi  iw»«n«iiu»i»t  by:  {’}  developing  sigr'-l 
processing  techniques  for  deriving  deviations  in  sngle-of -arrival  of  radar  signals;  (2) 
adapting  a  ray  traoing  program  to  provide  radar  parameters,  such  aa  angie-of-arrival  or 
interference  pattern  null  height  for  varying  prorogation  conditions;  and  finally,  (3) 
correlating  measured  radar  parameters,  synthesised  using  the  ray  traoing  model,  and 
measursd  refraotivity  gradient*. 

1.2  The  Low-Angle  Radar  Multipath  and  Propagation  Program 

As  part  of  a  program  to  measure  and  model  environmental  phenomena  which  adversely 
affeot  the  performance  of  maritime  radars,  tha  Communications  Research  centra  tCRC)  in 
conjunction  with  McMaster  University  is  carrying  out  a  series  of  collocated  meteorolog¬ 
ical  and  propagation  trials.  Tha  flrat  series  of  measurements  were  made  on  the  Ottawa 
River*  near  Ottawa,  Canada.  Similar  meaauramanti  have  also  been  mad*  on  the 
Mediterranean,  near  Toulon,  franc*.  Sine*  accurate  angular  estimation  is  central  to  low- 
angle  tracking,  the  immediate  objective  ia  to  develop  a  technique  for  measuring 
deviation*  An  angla-of-arrival  of  radar  signals,  cauead  by  anomalous  tropospheric  pro¬ 
pagation#  and  to  correlate  these  with  meteorological  parameters.  A  secondary  objective 
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is  to  develop  a  data  base  for  propagation  at  very  low  elevation-angles  over  sea.  The 
final  and  overriding  objective  is  to  validate  models  and  to  develop  techniques  for 
predicting  angle-of-arrival  deviations  from  measured  meteorological  parameters. 

Host  of  the  measurements  to  date  have  been  made  on  the  Ottawa  River.  Recently,  some 
additional  data  have  been  obtained  from  NATO  radar  trials-  which  took  place  on  the 
Mediterranean  (2) .  Although  an  understanding  of  North  Atlantic  propagation  conditions  is 
the  ultimate  goal,  it  is  thought  that  the  results  from  the  Ottawa  River  will  be  useful 
for  gaining  insight  into  low-level  propagation  phenomena  and  developing  techniques  for 
making  concurrent  propagation  and  meteorological  measurements.  The  data  presented  in  this 
paper  were  recorded  using  a  new  instrument,  which  is  called  a  vertical  profiler.  The 
profiler  is  a  very  large  aperture  antenna  (17.3  m)  which,  in  addition  to  making  precise 
angle-of-arrival  measurements,  concurrently  measures  vertical  profiles  of  tropospheric 
refractivity.  This  paper  gives  a  description  of  the  vertical  profiler,  as  well  as  a 
review  of  the  results  from  the  Ottawa  River  [3] .  In  particular,  it  gives  early  results 
of  angle-of-arrival  measurements  made  in  evaporation  ducts. 

Gradients  in  the  tropospheric  refractivity  form  the  basis  of  the  meteorological  data. 
They-  sire  obtained  by  taking  vertical  samplings  of  temperature  and  relative  humidity  using 
meteorological  sensors.  The  influence  of  atmospheric  pressure  is  taken  into  account  by 
applying  a  correction  to  the  derived  values  for  the  gradient.  The  corrections  are  based 
on  the  assumption  of  changes  in  pressure  with  altitude  occurring  at  a  rate  which  is  given 
for  a  standard  atmosphere.  The  refractivity  gradients  which  are  derived  from  the  meteor¬ 
ological  data  can  in  turn  be  used  as  inputs  to  a  ray  tracing  program,  from  which  are 
derived  the  angles-of-arrival  of  the  direct  and  indirect  signals  emanating  from  the 
beacon.  The  degree  of  correlation  found  between  the  measured  and  calculated  angles-of- 
arrival  is  used  as  an  index  for  quantifying  the  correlation  of  the  radio  and  meteorolog¬ 
ical  measurements  described  in  this  paper. 

2.  LOW-LEVEL  TROPOSPHERIC  PROPAGATION 

2.1  Refractivity 

Radio  waves  travel  in  straight  lines  in  free  space.  However,  electromagnetic  waves 
travelling  in  the  earth's  atmosphere  do  not  travel  in  straight  lines  [41  but  are  gener¬ 
ally  bent  or  refracted.  Bending,  or  refraction,  of  radio  waves  in  rhe  atmosphere  is 
caused  by  the  variation  with  altitude  of  the  velocity  of  propagation,  or  the  index  of 
refraction,  defined  as  the  velocity  of  propagation  in  free  space  to  that  in  the  medium 
in  question.  A  major  detrimental  effect  of  ray  bending  for  radar  trackers,  particularly 
for  low-angle  targets,  is  the  introduction  of  a  discrepancy  between  the  apparent  and 
actual  elevation  angles  of  the  target.  These  deviations  can  be  particularly  marked  for 
angles  less  than  one  degree,  whioh  is  the  case  for  low-angle  targets.  In  fact,  typically, 
in  low-angle  scenarios,  elevation  angles  can  be  as  low  as  one-tenth  of  a  degree,  or  less. 

At  microwave  frequencies,  the  index  of  refraction  n  for  air  which  contains  water 
vapor  is 

(n-l)106  -  N  -  77.6  ~~~  +  3.73  x  106  —  (1) 

*  -jJ 

where,  P  ■  barometric  pressure,  millibars  (1  mm  Hg  »  1.3332  millibars) , 
a  «  partial  pressure  of  water  vapor,  millibars,  and 
T  ■  absolute  temperature,  K. 

Since  the  refractive  indox  for  air  is  typically  1.0003  a  "soaled-up"  index  of  refraction 


called  refraotivity  is  defined  to  be 

N  -  (n-l)104  .  (2) 

This  scaling  results  in  numbers  such  as  300,  whioh  ars  considered  to  be  more  manageable. 
If,  as  Is  oftsn  ths  case,  the  water  vapor  content  of  the  air  is  measured  in  terms  of 
relative  humidity  (RH)  the  partial  preasure  e  is  obtained  from 

o  ■  eg  x  RH  (3) 

where, 

ef  ■  6,1  expus. 22  £z|2s-  -  3.31  In  )  («) 

Finally,  If  we  assume  a  standard  atmosphere,  p  «  1013  mb,  Bqn.  (1)  becomes 

N  -  +  3.73  X  104  -2—  .  (5) 

’  T7 

2. 2  Curvature  and  gffeotlve  garth  Radius  Factor 
the  curvature  c  of  a  radio  wave  is  given  by 

C  *  “  “n“  5K  00,8  <$> 


vhsre  #  is  ths  local  elevation  angle  of  the  ray.  It  is  customary  for  radio  snginaers  to 
think  id  terms  of  affective  earth  radius  factors,  “his  convenient  fiction  makes  straight 


15-3 


the  actual  curved  path  of  a  radio  ray  in  the  atmosphere  by  presenting  it  relative  to  an 
imaginary  earth  longer  in  radius  by  a  factor  k  than  the  radius  of  the  real  earth,  a,  thus 
maintaining  the. relative  curvature  between  the  earth  and  the  radio  ray.  This  is  expressed 
as 
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(7) 


Thus  k  is  defined  by 
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i  +  a  s?  cose 
an 


(8) 


which,  for  rays  tangential  to  the  earth  (8  »  0)  and  assuming  n  is  unity,  is  approximated 
by 


k  « 


_ 1 _ 

1  +  a 
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3E 


(9) 


As  indicated,  the  classical  method  of  accounting  for  atmospheric  refraction  in  compu¬ 
tation  is  by  replacing  the  actual  earth  of  radius  a  (a  =  3440  nautical  miles)  by  an 
equivalent  earth  of  radius  ae  =  ka  and  then  replacing  the  actual  atmosphere  by  an 
homogeneous  atmosphere  in  which  electromagnetic  waves  propagate  in  straight  lines  rather 
than  curved  lines.  In  Fig.  1  are  given  examples  of  straight  line  propagation  paths  for 
effective  earth  models  describing  wide-ranging  propagation  conditions.  In  each  instance 
the  propagation  paths  for  the  actual  earth  are  curved.  For  example,  in  (c)  the  real  paths 
would  have  the  same  curvature  as  the  surface  of  the  true  earth. 


For  a  standard  atmosphere  dn/dh  »  -l/4a,  wherein  k  =  4/3.  Although  very  useful  for 
engineering,  the  effective-earth* s-radius  model  [5)  is  not  a  very  good  representation  of 
actual  atmospheric  N  structure.  For  typical  N-versus-height  distributions  the  4/3  earth 
distribution  has  about  the  correct  slope  in  the  first  kilometer  above  the  earth's  surface 
but  is  observed  to  decrease  much  too  rapidly  above  that  height.  It  appears  that  the 
success  of  the  4/3  earth  model  is  due  to  its  agreement  with  the  average  N  structure  near 
the  earth's  surface,  which  largely  controls  the  refraction  of  radio  rays  at  the  small 
values  of  8  common  in  long-range  surface  radars. 


As  indicated  in  Eqn.  (6)  the  bending  of  an  electromagnetic  wave  is  proportional  to 
the  gradient  of  the  refractive  index.  A  number  of  different  propagation  regimes  are  de¬ 
fined  by  dn/dh  or  in  terms  of  dN/dh,  as  indicated  below 


dN 

3K 


>  0 
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(NU/km)  subrefractive 

<  0  normal 
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(10) 


It  is  of  interest  here  to  note  that  the  condition  k  ■  4/3  corresponds  to  a  gradient 
of  refraotivity  which  is  equal  to  -39  NU/km,  The  offeotivo-earth's-radius  factor,  k,  for 
other  values  of  dN/dh  is  given  in  Fig.  2.  The  faator  V  is  quite  variable  and  exhibits  a 
singularity  at  dN/dh  ■  -157  NU/km.  This  singularity  defines  the  beginning  of  trapping  or 
duoting.  Alternatively,  by  referring  to  Eqn.  7,  the  singularity  can  bo  described  as 
corresponding  to  the  condition  where  the  radio-ray  curvature  becomes  equal  to  the  curva¬ 
ture  of  the  earth.  In  other  words,  the  effective-  earth' e-radius  becomes  infinite,  i.e., 
for  this  one  condition  the  ourved  earth  model  reduces  to  a  flat  earth  model.  For  values 
of  dll/dh  <  -157,  k  assumes  negative  values. 


In  order  to  understand  the  significance  of  negative  values  for  k,  lot  us  consider 
what  happens  as  we  move  from  right  to  left  in  Fig.  2.  In  the  following  discussion  it  is 
helpful  as  well  to  rafsr  to  Pig.  i.  The  factor  k  starts  off  being  positive,  with  a 
■nm|  leas  thsrs  one.  This  corresponds  to  subre-rsetion  in  propagation  apace  and  simply 
means  that  on*  model*  the  propagation  by  using  an  effective  earth's  radius  which  is  leas 
than  the  actual  earth's  radius.  As  one  moves  to  the  left,  the  affective  earth's  radius 
inoreases,  i.e.,  the  effective  sarth  starts  to  flatten  out,  until  the  effective  earth's 
radius  become*  equal  tc  the  earth's  radius  at  dN/dh  ■  0  and  than  go on  to  exooed  tha 
earth'*  radius.  At  dN/dh  -  -1S7,  at  Indicated  earlier,  tho  effective  earth  become*  flat, 
i.e.,  ka  »  •*,  Finally,  as  one  crosses  the  point  of  singularity  and  k  assumes  negative 
values,  the  affective-earth's- radius  becomes  negative.  At  this  point  the  effective 
sarth't  surface  be comas  concave  upwards,  where  previously  it  was  concave  downwards. 

2.3  Evaporation  Quota 

The  evaporation  duct  is  a  typical  feature  16!  of  tho  maritime  boundary  layer,  Thia 
surface  dust  exists  evsn  at  higher  latitudes  -  in  *11,  about  90  percent  of  the  time,  how¬ 
ever,  it  should  be  noted  that  the  thickness  is  often  very  small  (especially  during  the 
wintsr  time)  and  therefore  no  effect  on  radar  wav#  propagation  is  found.  During  Kay  to 
October  the  evaporation  duct  is  tha  dominating  propagation  parameter  with  regard  to  cm- 
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and  dm-  waves. 

Evaporation  ducts  lie  just  above  the  surface  of  the  sea.  They  result  from  water  vapor, 
or  humidity,  which  evaporates  from  the  sea  surface.  The  air  in  contact  with  the  sea  is 
saturated  with  water  vapor,  with  a  saturation  vapor  content  appropriate  to  the  tempera¬ 
ture  of  the  sea  surface.  The  air  several  meters  above  the  sea  is  not  usually  saturated 
so  there  will  be  a  gradual  decrease  in  water  vapor  pressure  from  the  surface  value  to  the 
ambient  value  well  above  the  surface.  The  thickness  of  the  duct  is  defined  to  be  equal 
to  the  height  of  the  ambient  value  (where  dN/dh  becomes  zero)  above  the  surface  of  the 
water. 

The  evaporation  duct  heights  vary  generally  between  0  to  40  metres  with  a  long-term 
mean  value  of  about  8  metres  at  northern  latitudes  and  up  to  30  metres  at  tropical 
latitudes  [7] .  The  primary  evaporation  duct  effects  are  to  give  extended  ranges  for 
surface-to-surface  radio  or  radar  systems  operating  about  3  GHz.  The  optimum  frequency 
to  achieve  extended  ranges  via  the  evaporation  duct  appears  to  be  around  18  GHz. 

Although  the  ducting  effect  extends  beyond  this  frequency,  absorption  by  atmospheric 
gases  and  extra  attenuation  due  to  a  rough  sea  surface  begin  to  counteract  the  benefits 
of  the  Juct. 

In  a  nonhomogeneous  atmosphere,  such  as  that  found  in  an  evaporation  duct,  where 
typically  the  index  of  refraction  decreases  with  height,  rays  of  sufficiently  small  in¬ 
itial  elevation  angle  are  refracted  downward  with  a  curvature  proportional  to  the  rate 
of  decrease  of  the  index  of  refraction  with  height.  If  the  radius  of  curvature  is  less 
than  the  radius  of  the  earth,  such  rays  reach  a  maximum  height  and  are  confined,  or 
trapped,  between  this  height  and  the  earth's  surface.  This  process  is  referred  to  as 
trapping,  and  the  region  of  the  atmosphere  within  which  it  occurs  is  called  a  duct, 
because  of  the  analogy  to  wave  guide  propagation. 

3.  THE  PROFILER 

3 . 1  A  Tool  for  Propagation  Measurements 

The  profiler  technique  is  based  on  synthesizing  a  large  aperture  antenna  using  a 
small  antenna  [2] .  The  small  antenna  samples  the  signals  at  H  points  over  a  large  aper¬ 
ture.  The  data  are  recorded  and  then  added  together  in  such  a  way  as  to  get  the  same 

result  as  one  would  have  obtained  using  a  large  aperture  antenna. 

Because  of  the  vertical  profiler’s  large  aperture,  it  can  be  used  to  resolve  and 
accurately  measure  the  angles-of-arrival  of  closely  separated  signals.  In  order  to  re¬ 
solve  the  two  signals  it  is  necessary  to  measure  at  least  one  complete  cycle  of  the 

field  distribution  pattern  that  is  set  up  in  space  by  interference  between  the  signals. 
Since  the  scale  size  of  the  interference  pattern  is  inversely  proportional  to  the 
angular  separation  of  the  signals,  a  large  aperture  is  required  for  closely  separated 
signals.  A  diagram  of  a  profiler  in  a  typical  measurement  setup  is  given  in  Fig.  3.  It 
consists  of  two  antenna-receiver  systems,  one  of  which  is  stationary  and  acts  as  a 
reference  and  the  other  of  which  samples  the  profiler  aperture  distribution  as  it  is 
transported  vertically  by  means  of  a  trolley.  If  the  moveable  receiver  is  phase  locked 
with  the  reforonco  receiver,  one  la  able  to  measure  both  the  amplitude  and  phase 
distributions  which  result  from  interference  between  the  direct  and  indirect  beacon 
signals. 

3.1.1  Digital  Boamformlng 

It  in  well  known  from  antenna  theory  that  conventional  beamforming  consists  of  a 
Pourier  transform  of  an  antenna's  aperture-distribution.  In  this  case,  sampling  of  the 
aperture  distribution  occurs  at  discrete  points  and  beamforming  is  carried  out  by  apply¬ 
ing  an  FFT  to  the  Measured  amplitude  and  phase.  It  is  assumed  that  the  samples  do  not 
vary  during  the  sampling  time,  i.a.,  the  source  is  stationary  while  the  email  sampling 
antenna  goes  through  the  N  positions  of  the  large  antenna. 

In  addition  to  tt.e  conventional  FPT-based  bcamforralng  there  oro  a  large  number  of 
non-linear  or  model-dependent  beam forming  techniques  that  wight  be  considered  for  pro¬ 
filer  signal  processing.  Perhaps  the  simplest  of  the  nonlinear  techniques  that  might  be 
considered  it  ona  that  treats  the  profiler  as  an  interferometer.  The  technique  is  beet 
imp lemon tad  by  uaing  the  height  of  a  null  in  the  profiler's  interference  pattern  ae  a 
discriminant.  For  our  purposss  null  height  is  a  good  choice  because  we  know  that  the 
phase  difference  at  that  point  on  the  profiler  is  180  degrees.  Usually  in  interferometry, 
tha  baseline  separating  the  antennas,  which  comprise  the  interferometer,  remains  con¬ 
stant  end  ons  measures  the  phase  difference  between  the  signals  at  the  two  antennas.  Ae 
an  alternative  implementation,  one  might  conceive  cf  maintaining  a  constant  phase 
difference  between  the  two  antennas  by  adjusting  the  baseline  and  then  measuring  their 
separation.  That  is  in  effect  the  scheme  that  is  being  proposed  here.  Changes  in  the 
height  of  s  null  can  be  related  to  changes  in  the  angles-of-arrival  of  the  interfering 
signals.  With  a  suitable  model  one  can  estimate  the  magnitude  of  these  changes.  It  will 
be  shown  that  the  null  height  ie  sensitive  to  small  changes  in  angles-of-arrival.  Because 
of  thess  advantages,  the  Ottawa  River  results  will  by  and  large  he  presented  with  the 
emphasis  being  placed  on  null  height  ae  a  discriminant. 

In  addition  to  tha  antenna  and  receiver,  the  trolley,  which  tuna  on  the  vertical  track, 
usually  contains  meteorological  instrumentation.  The  meterologiosl  data  from  these  tensors 
is  used  to  derive  refractive  index  gradient  profile*,  with  its  full  complement  of  radio 


and  meteorological  equipment,  the  vertical  profiler  can  make  the  following  measurements! 

(i)  Angles-of-arrival  of  the  direct  and  indirect  (multipath) 
signals  emanating  from  a  low-angle  beacon  or  target, 

(ii)  Very  small  variations  in  angle-of-arrival, 

(Hi)  Refractive  index  gradients, 

(iv)  Ratios  of  the  coherent  to  the  incoherent  components  of  the 
multipath  signals,  and 

(v)  characteristics  of  the  diffuse  components  of  the  multipath 
signals  (e.g.  autocorrelation  functions) . 


In  addition  to  the  above,  the  data  recorded  can  be  used  for  studies  in  high  resolution 
spectral  estimation. 


3.2  Profiler  Interference  Pattern  Hulls 


In  a  multipath  environment  where  we  have  two  rays  arriving  at  a  receiving  point  from 
different  directions  a  standing  wave  field  is  produced.  The  maxima  and  minima  of  the 
amplitude  distribution  in  space  are  plane  surfaces  which  are  parallel  to  the  bisector  of 
the  angle  between  the  wave  normals  or  rays  [9] . 

Since  profiler  measurements  are  usually  made  using  low-angle  beacons,  the  ray  paths 
followed  by  the  direct  and  indirect  signals  are,  to  a  first  approximation,  horizontal. 
Therefore  the  planes  which  represent  the  maxima  and  minima  of  the  amplitude  distribution 
in  space  are  at  right  angles  to  the  profiler  aperture.  The  intersection  of  the  profiler 
aperture  with  the  planes  for  the  minima  define  the  location  of  the  profiler  nulls. 

Unlike  the  maxima  and  minima  of  the  amplitude  distribution,  the  equiphase  surfaces 
do  not  remain  plane.  They  become  corrugated  or,  if  the  two  waves  are  of  exactly  equal 
strength,  broken.  On  average,  they  are  perpendicular  to  the  wave  normal  of  the  stronger 
ray. 


3.2.1  Geometry 


The  geometry  appropriate  to  the  problem  at  hand  is  given  in  Fig.  4,  where  the  pro¬ 
filer  and  the  beacon  are  shown  separated  by  the  distance  d.  The  angles-of-arrival, 
respectively,  for  the  direct  and  indirect  signals  are  and  a^.  Height  hi  identifies  a 
reference  point  0  on  the  profiler  aperture,  which  is  usually  taken  to  be  its  midpoint. 
The  height  of  the  beacon  is  given  by  hj. 

It  should  be  noted  that  the  multipath  model  depicted  in  Fig.  4  is  incomplete  because 
it  assumes  free-space  propagation  conditions,  i.e.,  ray  paths  are  straight  lines. 
Propagation  factors  will  be  added  to  the  model  in  tha  next  section. 


To  solve  problems  based  on  a  curved  earth  geometry  we  must  first  solve  for  d^,  i.e,, 
we  must  find  the  point  of  reflection  in  Fig.  4.  It  is  possible  to  find  di  and  d2  if  d, 
hi,  and  hv  are  given,  but  to  do  so  we  must  solve  a  cubic  equation  18).  This  equation  has 
the  formal  solution 
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where  a  «  radius  of  the  earth,  in  addition  toi 
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Another  important  parameter,  when  solving  problams  bssed  on  the  ourvod  earth  geometry, 
is  the  curved  earth  correction  factor  J.  With  this  factor  we  are  able  to  adapt  equations 
based  on  a  flat  earth  geometry  directly  to  •  curved  earth  geometry.  To  calculate  J  we 
firet  introduce  the  dimensionless  parameter 
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where  dj  »  <1  -  dj,  and  then  substitute  into 

J  •  <  1  -  s|  ><  1  -  S* 


(15) 


The  angles-of-errivsl  for  the  direct  end  the  indlreot  rsys  can  be  derived  by  using 
•n  expression  for  the  fell-off  As,  due  to  the  ourveture  of  the  earth,  at  the  position  at 
the  indirect  cey's  reflection  point,  as  well  as  at  the  position  of  the  beacon.  The  fsi)- 
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off  is  measured  with  respect  to  the  profiler's  horizon  plane.  An  expression  for  hz  is 
derived  using  the  sagitta  equation  from  optics,  i.e., 


6  z 


(16) 


where  t  is  respectively  d.  and  d.  The  reflection  point  for  the  indirect  ray'  is  obtained 
using  Eqn.  (13) .  1 


Expressions  for  a,  and  a.  can  now  be  written  directly  from  an  inspection  of  Pig.  4 
and  are  given  by  a  1 
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3.2.2  Propagation  Model 

In  order  to  introduce  propagation  factors  into  our  calculations  we  will  need  a 
propagation  or  ray  tracing  model.  An  appropriate  model  has  been  developed  by  Davies  and 
Evans  [10],  which  will  henceforth  be  called  the  DE  model.  An  example  of  a  ray  path 
diagram  which  was  derived  using  the  DE  model  is  given  in  Fig.  5.  In  this  diagram,  dN/dh 
was  constant  and  had  a  value  equal  to  -  450  N/km.  The  rays  from  the  beacon  to  the 
profiler  are  noticeably  curved  with  a  radius  of  curvature  equal  to  2.27  x  106  m,  which 
is  considerably  less  than  the  radius  of  the  earth,  suggesting  that  Fig.  5  is  representa¬ 
tive  of  ducting  conditions.  To  the  right  of  the  main  diagrams  are  given  the  refractivity 
gradients.  The  modified  refractivity,  M  is  derived  from  N  and  is  given  by 


M  =  N  +  157  h  . 


(19) 


In  addition  to  ray  diagrams,  the  DE  model  provides  received  angles-of-arrival  for 
the  direct  and  Indirect  rays  as  a  function  of  dN/dh,  as  well  as  the  phase  delay.  The 
former  is  given  in  Fig.  6  and  the  latter  in  Fig.  7.  The  angle-of-arrival  for  the  direct 
ray  varies  from  -1  to  +3  mradians  over  the  indicated  range  of  dN/dh  values.  The  variation 
of  the  indirect  ray  is  somewhat  less  than  one  mrad. 

Another  method  for  introducing  propagation  considerations  into  our  multipath  model 
is  to  use  the  effective  earth  model.  It  is  shown  [3]  that  this  is  a  very  powerful  technique 
which  allows  one  to  dispense  with  ray  tracing,  at  least  for  the  propagation  conditions  of 
interest  here,  i.e.,  those  that  are  typified  by  refractivity  gradients  which  are  linear. 

For  tropospheric  conditions  where  the  refractivity  gradients  are  more  complex  one  will 
have  to  return  to  ray  tracing.  As  was  suggested  by  Fig.  1,  if  we  wish  to  incorporate 
propagation  conditions  into  our  model,  based  on  the  effective  earth  methodology,  wo  must 
first  use  an  effective  earth  in  place  of  the  real  earth  and  secondly,  adjust  tho  radius 
of  the  effective  earth  so  as  to  reflect  tho  effects  of  ray  bending  in  the  troposphere. 

3.2.3  The  Interference  Pattern  Null  ns  a  Discriminant 


An  expression  for  tho  height  of  the  interference  pattern  null  can  best  bo  written  by 
first  considering  the  spatial  phase  difference  4  between  tho  direct  and  indirect  signals 
along  the  profiler  aperture.  Tho  quantity  4  is  rolated  to  tho  angles-of-arrival  of  tho 
direct  and  indirect  signals,  as  well  as  tho  propagation  phase  delay,  and  is  given  by 


where 


♦  ■  S  s  (  sin  -  sin  +  *p  (70) 

B  «  2»/l, 

s  “  displacement  along  the  profiler  aperture  w.r.t. 
the  reference  point  0  (Usually  the  centre  of  the 
profiler, 

h-  -  altitude  of  the  reference  point  0, 
h2  ■  altitude  of  the  beacon 

Uj  *  angle-of-arrival  (elevation)  of  the  direct  signal, 

•  angle-of-arrival  of  the  indirect  signal,  and 

Xp  “  total  phess  difference  at  the  reference  point  0. 


The  first  term  of  Eqn.  (20)  give*  the  spatial  variation  along  the  profilar  due  to  tho 
Inclination  of  the  phase  front*  of  the  direct  end  indirect  rays  with  the  profiler  aperture. 
It  is  to  be  noted  that  because  of  the  else  of  the  profiler  aperture  these  phase  fronts 
must  be  considered  as  being  curved,  rather  than  planar.  The  lattar  i*  the  conventional 
approximation  used  for  smaller  aperture .  K-.o  Jicsf  ata»e  ie  not  explicitly 

included  in  Eqn.  (20)  because  the  curved  wave-front  correction  factor  is  nearly  identical 
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for  both  bhe  direct  and  indirect  rays  and  therefore  cancels.  The  quantity  x|  takes  into 
account-all  of  the. factors  that  contribute  to  the  electrical  path  length  difference 
between  the  direct  and  indirect  signals  at  0.  It  consists  of  three  identifiable  variables 
and  can  be  written  as 


where, 

=  phase  due  to  the  electrical  path  length 
difference,  assuming  propagation  in  free  space 

xR  *>  reflection  phase  (usually  =>  «)  ,  and 

rp  »  extra  phase  due  to  an  incremental  change  in  both 
path  length  and  phase  velocity  which  results  from 
tropospheric  refractive  index  gradients. 

For  free  space  propagation  the  first  term  in  Eqn.  (21)  is  given  by 

2  h,  h,  J 

x  a  0  - ± — (22) 

G  d 

It  is  common  practice  to  combine  Xg  and  Xp  by  forming  their  sum  and  setting  it  equal  to 
the  right  hand  of  Eqn.  (22),  combined  with  the  use  of  an  effective  earth  radius  factor 
in  Eqns.  (11)  and  (12)  to  aocount  for  refraction.  Normal  refractivity  conditions  are 
assumed,  with  the  effective  earth  radius  parameter  k  =  4/3.  Other  values  of  k  are  seldom, 
if  ever,  used;  in  particular,  negative  values  for  k  are  never  used,  with  the  theoretical 
development  given  by  Litva  and  Bauman  [31 ,  though,  all  values  of  k  can  now  be  used, 
including  negative  values.  It  has  been  shown  in  Fig.  7,  using  the  DE  ray  tracing  program 
for  a  typical  profiler  geometry,  that  xn  +  xp  increases  monotonicallv  as  the  vertical 
gradient  of  refractivity  decreases.  '*  y 

The  profiler  nulls  are  defined  by  the  condition 

-  (2m  +  1)  <  (23) 

where  m  »(...,  -2,  -1,  0,  1,  2,  ...) 

Let  us  assume  that  variablo  r  »  residue  x£  (modulo  2«)  for  dN/dh  »  0.  That  is,  r  «  Xp(0J 
-  2i«  ,  where  f  is  the  smallest  integer  that  satisfies  the  condition  0  <  r  <  2*  and  *tho 
rero  in  brackets  indicates  dN/dh  *■  0.  It  follows  from  Eqn.  (20)  that  the  null  heights 
are  given  by 

(2m  +  21  t  1>»  -  Xp 

a  .  - o  (24) 

6  (aina^  *  »inai) 

where  m  «  (...,  -2,  -1,  0,  1,  2,  ...) 

Although  the  location  of  the  profiler  null*  can  be  derived  exactly  using  Eqn.  (24), 
it  is  useful  at  times  to  consider  an  alternative  expression  which  gives  the  separation  of 
the  nulls  directly.  The  derivation  of  tills  expression  is  baaed  on  the  brief  discussion 
given  at  the  beginning  of  Section  3.2,  whore  the  idea  of  a  standing  wave  field  was  in¬ 
troduced.  Hayden  19)  has  expanded  on  this  and  shown  that  if  the  angle  between  two  rays 
in  space  is  2«,  which  in  terms  of  the  rays  arriving  at  the  profiler  in  Fig.  4  is  given 
by  *  a.,  than  the  separation  of  th«  planes  defining  the  maxima  or  the  minima  in  apace 
ia  given  *by 

SN-M  -  sm-m  "  ralrTa  (J5>  . 

where 

"  distance  between  the  maxima,  and 
•  distance  between  the  minima  . 

It  is  to  be  noted  that  when  2a  U  small,  Eqn.  (25)  reduces  to  the  familiar  expression 
giving  fcho  diffract ion- limited  resolution  for  an  antenna,  l.e, ,  a#  *  v/l,  Based  on  this 
correspondence,  It  follow*  that  the  condition  for  the  profiler's  resolution  of  two 
slgnsla,  ue.'.rg  digital  beamforoing,  can  be  stated  as  followst  the  profiler  is  able  to 
reaoivo  two  aignals  only  If  the  profiler  aperture  ia  equal  to  at  least  one  cycle  of  the 
amplitude  and  phase  distribution. 

The  attragtlvaneas  of  using  the  null  height  given  by  Eqn.  (24)  as  a  discriminant 
lie*  In  the  fact  that  It  is  seuaitive  to  small  change*  in  a.  and  d,.  To  demonstrate  this 
fact  let  ua  consider  a  small  change  in  h2  In  Fig,  4,  leading  to  a  ‘change  of  «a  in  a., 
let  ua  approximate  the  corresponding  change  In  a.  by  -ia  >  in  other  words,  we  assume  a 
flet  earth  geometry,  let  uu  also  denote  the  resulting  change  in  the  null  holght  by  «*. 
>ro*  Rqn.  (34)  It  follows  •'.Hat 
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This  equation  can  be  given  an  alternate  interpretation,  i.e.,  it  can  be  viewed  as  an 
expression  that  relates  the  minimum  detectable  change  in  the  angle-o£-arrival  given  by  4a 
to  the  error  in  measuring  the  null  height,  4s.  Prom  observations  at  the  Ottawa  River,  we 
have  established  the  following  set  of  parameters! 

4s  =  0.25  m 

S_  “  10  1 

m 

a^  -  a^  =  2  x  10“3  radians. 


After  substituting  these  parameters  into  Eqn.  (26)  we  find  that 

4a  =  0.025  mrad. 

it  should  be  noted  that  this  resolution  exceeds  the  classical  diffraction-limited  resolu¬ 
tion  of  the  profiler  (given  by  x/L  »  0.0321/17.1  *  1.9  mrad)  by  almost  two  orders  of 
magnitude.  Also,  the  value  of  s  used  in  Kqn.  (26)  is  replaced  by  h™,  which  is  the  distance 
from  the  base  of  the  profiler  to  the  interference  null.  The  reason  for  using  hj,,  here  in 
place  of  %  is  that  the  problem  that  we  are  actually  solving  is  an  interferometer  problem. 
In  other  words,  the  profiler  must  be  treated  as  an  interferometer  with  an  effective 
aperture  of  2  h  .  In  fact,  this  is  the  reason  that  the  factor  2  appears  in  the  denominator 
of  Eqn.  (26).  ” 

The  sensitivity  of  the  profiler  technique  to  changes  in  dN/dh  can  be  derived  by  tak¬ 
ing  the  full  differential  of  Eqn.  (24).  This  turns  out  to  be  a  fairly  complex  operation 
T 

because  k„  ,  a.  and  at  are  all  functions  of  dN/dh  and  one  must  therefore  bring  the  equa¬ 
tions  of  Section  3.2.3  of  Litva  and  Bauman  (3)  into  the  derivation.  A  simpler  approach 
consists  simply  of  plotting  h  «  h,  +  s  versus  dN/dh  (see  Fig.  16)  and  then  numerically 
finding  the  inverse  gradient  of  the  resulting  curve.  The  result  is  given  in  Fig.  8  and 
consists  of  the  ratio  of  the  change  in  reflectivity  gradient  to  the  corresponding  change 
in  null-height, 

f  3ho  r1 

i.e.,  1 (cN/dh) '  *  aa  a  function  of  rofractivity  gradient. 

If,  as  before,  we  use  4s  »  0.25  m,  the  sensitivity  is  seen  to  vary  from  3  NU/lcjn  at  dH/dh 
«  100  to  15  NU/km  at  dN/dh  «  -500. 

4.  TBE  UNDERLYING  EXPERIMENT  AND  RESULTS 

4. 1  The  Experiment 

The  results  reported  In  this  paper  ver6  recorded  on  the  Ottawa  River  at  a  test  range 
located  near  Ottawa.  A  diagram  of  the  Test-Range  is  given  in  Fig.  9.  The  measurements 
were  made  using  a  propagation  path  that  ran  down  the  centre  of  the  section  of  the  Ottawa 
River  shown  in  the  diagram.  The  experimental  setup  is  given  in  Fig.  10.  cw  signals  from  a 
beacon  mounted  on  a  silo  were  recorded  using  a  vertical  profiler  (traveller). 

The  profiler  consists  of  a  reference  receiver  fixed  at  a  height  of  19.5  m  and  a 
coherent  receiver  mountei  on  a  vertical  traveller  (along  with  meteorological  sensors), 
which  samples  chn  liw-cwtr.g  fU\ds  over  the  height  interval  J.7  to  20.3  m.  The  height  of 
the  beacen  Is  if  mi  the  distance  between  the  beacon  and  the  profiler,  13.53  km  and  the 
ho'ght  of  the  centre  of  the  profiler.  12.3  m.  All  height*  given  here  are  measured  with 
-eupget  to  the  level  of  the  water  turf  ace.  The  measurements  were  made  at  a  frequency  of 
9  36  GUs. 

Tv.'  types  of  data  records  warn  usually  obtained  at  the  Ottawa  River  -  short  term  and 
long  term.  Thu  short  term  measurements  were  about  3  minutes  in  duration  and  consisted  of 
«  ei tied,  sampling  of  the  eleatroaagnetxc  fields  and  meteorological  parameters  along  th* 
profiler  aperture.  The  lohg  term  measurement,,  c  insisted  of  data  records  that  wore  usually 
at  least  24  hours  in  duration.  For  the  long  term  .c-ords  the  vertical  traveller  was  fixed 
at  a  height  ot  1J.8  a.  The  records  consisted  therefore  of  the  amplitude  measured  at  two 
point*  cn  the  profiler  aperture,  i.e.,  at  the  heights  of  the  traveller  and  the  reference 
receivers.  As  well,  meteorological  data  were  recoded  by  the  traveller's  meteorological 
sensors . 

4.2  Short  Vena  Results 

w—w  iim^ibu  wji  .w  wji 

Tjple-'l  ahort-term  vertical  prefliar  rtse»t8  are  given  In  Fig.  11  and  12.  Figure  11 
gives  the  radar  measurements  'electrical)  and  Figure  13  the  corresponding  meteorological 
(environmental)  measurements .  The  combined  data  recorded  by  the  prut  Her  consist  therefore 
of  amplitude  (for  both  the  traveller  and  reference  receivers),  Ir.-phaeo  on*  quedrature- 
pheso  signals  (for  deriving  the  phase),  temperature,  atmospheric  presents  end  relative 
humidity.  The  amplitude  profile  In  Fig.  11  shows  one  cycle  of  the  spatial  pattern  that  is 
generated  by  interference  between  the  direct  and  indirect  signals.  There  is  a  S2*dB  null 
located  st  *  height  of  12.1  metres .  uter  it  will  be  shown  that  h„  *  12.1  m  cettreeponde 
to  dH/dh  »  155  ND/km.  In  addition  to  thi  1  and  0.  the  .tsjet  is  derived  from  these 

basic  profiler  measurements  Is  alno  given.  The  .ebrfrnpsmwiAi.  data  givnn  'n  Pig.  12  consist 
of  tsmpsrature,  pressure  end  relative  humidity,  hot . -irasureo. .i'.Cvetl.y-,  a 

i of r activity  profile  is  also  shram.  It  is. tJosiveA-isrise' skeMoroS'iHU'Hh  4at<i  thst  are 
ehowu  in  the  figure.  The  slope  of  Me  ,t.  ■tt-a-ghi  line  fit  to  <•  5 r activity  gradient 
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has  a  value  of  -156.5  NU/bia,  which  agrees  very  nicely  with  the  value  corresponding  to 
h0  «  12.1  a. 

4.2.1  Hull-height  as  a  Discriminant 


In  Pig.  13  are  given  a  number  of  amplitude  signatures  which  were  recorded  under 
representative  propagation  conditions.  These  conditions  vary  fronu  (a)  subrefr active, 

(b)  normal,  (c)  superrefractive, and  (d)  ducting.  The  null  for  (a)  is  situated  near  the 
top  of  the  profiler)  for  (b)  it  is  situated  one-quarter  of  the  way  down  from  the  topi 
for  (c)  near  the  centre  of  the  profiler  aperture)  and  for  (d)  the  main  null  is  near  the 
bottom  and  a  secondary  null  is  about  to  appear  near  the  top. 

The  result  given  in  Fig.  13  demonstrates  the  variation  In  null  height  that  was 
observed  on  the  Ottawa  River,  as  well  as  the  ease  of  using  null  height  as  a  discriminant 
for  determining  propagation  conditions.  In  a  later  section  a  demonstration  is  given  of 
the  high  degree  of  correlation  observed  between  null-height  and  rcfractivity  gradient. 

It  will  be  seen  to  be  consistent  with  the  theory  derived  in  Section  3.2.3  and  the 
validity  of  using  the  null  height  as  a  propagation  discriminant  will  thus  have  been 
established. 

4.2.2  Digital  Beareformlng  Result 

An  example  of  digital  beamforming  carried  out  on  short-term  profiler  data  is  given 
in  .Jig.  14(a).  For  purposes  of  comn»riion,  a  beamforming  result  based  on  synthetic  data 
is  given  in  Fig.  14(b)  and  there  is  reasonably  good  agreement  between  these  two  results. 
In  particular,  all  of  the  sidelobes  for  the  measured  result  are  easily  identifiable  and 
they  fall-off  with  angle  In  a  manner  similar  to  the  synthetic  data.  The  -behaved 
sidelobes  in  Fig.  14(a)  suggest  that  the  amplitude  and  phase  errors  for  the  profiler 
measurements  are  relatively  low  12].  The  beamvidth  in  Fig.  14(a)  Is  1.6  mrad,  which  is 
consistent  with  0.88U/J.)  *  0.88(0.0321/17.1)  -  1.65  mrad. 

The  profiler  amplitude  and  phase  measurements  that  wore  used  to  obtain  the  beam¬ 
forming  results  in  Fig,  14(a)  are  given,  respectively.  In  Figs.  15  (a)  and  (b) .  The 
synthetic  amplitude  and  phase  results  that  were  used  in  deriving  Fig.  14(b)  are  plotted 
on  top  of  the  corresponding  measured  results.  Again  one  see*  reasonably  good  agreement 
between  the  measured  and  synthetic  data. 

4.2.1  Hull  Height  and  Befraetlvltv  Gradients 


Figure  16  gives  a  plot  of  observed  null  height  h„  versus  refractive  Index  gradient. 
Thl*  diagram  is  one  of  the  principal  results  of  this  report  and  show*  the  high  degree  of 
correlation  that  ha*  been  observed  between  the  radar  .nd  meteoro logical  swaa-er aments  on 
the  Ottawa  River.  The  solid  curve*  give  theoretically  derived  heights  (using  Sgn.  24  and 
h«  «  ♦  sw)  for  the  first  three  Interference  nuiis  h_,,  he,  and  hj.  Null  tuy  is  inn- 

observed  because  it  is  lower  than  the  minimum  profiler  height,  i.e.,  3.7  m.  Null  hi  1* 
observed  only  when  dN/dh  <  -lib,  null  hu.  because  of  the  geometry,  l*  the  predominantly 
observed  null. 

The  data  shown  a  good  correlation  with  tno  theoretically  derived  curve  for  h„ .  These 
data  have  been  subjected  to  averaging)  typically,  each  datum  represents  the  average  of 
about  six  profiler  records.  Although  there  is  scatter  observed  in  the  IntUvi  lual  datum 
because  of  the  large  variance  in  the  (asasureaents  of  the  refraetivlty  gradient ,  the 
average  results  given  in  Fig.  16  show  good  agreement  with  the  theoretical  curves.  It 
follows  from  the  agreement  shown  with  the  theory  in  Fig.  It,  as  represented  by  Sgn.  34, 
that  the  profiler  null  height  is  an  effective  discriminant  for  characterising  propagation 
conditions. 

Based  on  observed  null  height,  propagation  statistics  are  given  in  F‘g.  12.  These 
retultn  were  derived  ueittg  the  short  term  profiler  records  for  the  period  between  Jan. 
1984  it-  Oct,  1915.  Host  of  the  data  were  recorded  during  the  summer  months  (July,  August 
and  September) .  The  remainder  were  recorded  during  the  winter  months,  (November ,  January, 
February  and  Rarchl .  It  should  be  pointed  out  that  the  data  ware  not  recorded  in  a  highly 
systematic  manner  but  rather  as  the  epportur,  >•  presented  itself.  Nevertheless,  Fig.  17 
represents  a  fairly  extensive  data  base. 

in  Fig.  17  two  peaks  are  observed,  <-:>«.  at  -20  st?/k*.  which  is  close  to  the  value  for 
a  standard  reft  activity  gradient,  and  i'o  ether  ct  -.as  KP/km,  which  represents  ducting 
conditions.  The  first  peak  encompasses  »ost  of  the  records  observed  during  the  winter 
months  when  the  effects  of  water  vapor  are  neglieihie.  The  second  peak  corrtopcnde  to 
a ooter  propagation  conditions  often  relative  humidity  plays  a  dominant  role  in  defining 
propagation  conditions. 


An  example  of  a  long  tire  result  is  given  in  Fig.  18(a) >  It  consists  of  the  arpiM-.ie 
measured  at  the  traveller  while  it  was  fixed  at  a  height  of  U.6  «.  tn  this  example  'the 
time  axis  runs  from  5200  hrs.  on  23  Feb.  $4  to  1000  hr*,  on  24  Feb.  14. 

The  amplitude  Sa  observed  to  very  over  the  period  of  the  record  by  up  vs  17.5  iSS,. 

Seme  of  the  variation  appears  to  be  guasi-periodsc  with  periods  as  long  as  34  oibute*. 
These  are  attributed  to  atmospheric  buoyancy  waves  111).  If  one  assumes  that  spe'  ajfpt itedw 
variations  are  caused  by  the  vertical  movement  of  the  interference-pattern. null,  due  to 
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refr activity  gradient  changes  in  the  troposphere,  one  can  convert  the  observed  amplitude 
to  equivalent  null-height.  Examples  of  interference  pattern  variations  were  given  earlier 
in  Fig.  13.  Estimates  of  null-height  are  realized  by  using  the  standard  interference 
pattern  shown  in  Fig.  18(b).  As  can  be  seen  from  the  diagram,  there  is  a  simple  but 
.ambiguous  relationship  between  measured  amplitude  and  null  height.  For  the  configuration 
shown,  an  increase  in  amplitude  corresponds  to  a  decrease  in  null  height.  Because  the 
sides  of  the  null  can  be  approximated  by  straight  lines,  these  parameters  are  virtually 
inversely  related.  If,  on  the  other  hand,  the  null  is  located  above  the  traveller,  the 
relationship  becomes  a  linear  one  with  an  increase  in  amplitude  corresponding  to  an  in¬ 
crease  in  null  height.  The  ambiguity  can  be  resolved  by  either  referring  to  the  vertical 
profiler  record  taken  immediately  prior  to  the  start  of  the  long-term  records  or  by 
referring  to  the  amplitude  of  the  fixed  reference  antenna. 

The  trace  of  null  height  is  given  in  Fig.  19.  It  is  based  on  the  amplitude  data  given 
in  Fig.  18(a)  and  the  interference  pattern  in  Fig.  18(b).  Null-height  is  easily  converted 
to  dN/dh  by  using  Fig.  16  and  finally,  dN/dh  is  converted  to  angle-of-arrival  for  the 
direct  and  indirect  signals  via  Fig.  6.  The  dN/dh  result  is  given  in  Fig.  19(b)  and 
corresponding  angle-of-arrival  estimate  in  Fig.  19(c). 

The  peak  variation  observed  in  this  long-term  record  was  not  the  maximum  of  the 
values  observed  in  the  Ottawa  River  data  set.  In  order  to  deduce  values  for  the  peak  de¬ 
viations,  one  must  return  to  Fig.  i6  and  determine  the  angle-of-arrival  variations  that 
correspond  to  the  observed  variations  in  dN/dh.  By  comparing  Figs.  16  and  6  it  is  seen 
that  the  peak  variation  for  the  direct  signal  was  2.7  mrad  and  for  the  indirect  signal 
0.7  mrad. 

5.  CONCLUDING  REMARKS 

This  paper  gives  results  of  propagation  and  multipath  measurements  carried  out  on 
the  Ottawa  River.  Radar  angle-of-arrival,  as  well  as  meteorological  measurements  were 
made  concurrently  and  at  the  same  location.  The  radar  measurements  were  carried  out 
using  a  very  large-aperture  synthetic  aperture  antenna,  which  is  called  a  vertical  pro¬ 
filer.  When  used  as  an  interferometer,  the  resolution  of  the  profiler  was  shown  to  be 
0.025  mrad. 

Tt.i!  objectives  of  this  study  were  as  follows: 

(i)  Tc  develop  the  vertical  profiler  as  a  multipath/propagation  measurement  tool. 

(ii)  To  investigate  the  correlation  between  angle-of-arrival  variations  with  tropospheric 
refractivity  gradients  -  the  derivation  of  which  are  based  on  measured  meteorolog¬ 
ical  parameters. 

(iii)  To  develop  techniques  for  correcting  low-angle  tracking  errors  which  are  caused  by 
tropospheric  propagation  effects,  in  particular  evaporation  ducting. 

The  analytical  tools  to  effectively  use  the  profiler  as  a  multipath/propagation 
measurement  tool  have  been  developed  both  in  this  paper  and  in  a  report  by  Litva  and 
Bauman  12],  In  this  paper,  emphasis  has  been  placed  on  using  the  profiler  as  an  inter¬ 
ferometer,  wherein  its  effective  aperture  hecomes  twice  that  of  its  physical  aperture. 

This  result,  can  Le  improved  upon  even  further  by  using  superre-olution  techniques, 
wherein  the  effective  aperture  can  be  increased  by  a  factor  of  from  five  to  ten  times  itis 
physical  aperture.  The  application  of  superresolution  techniques  for  enhancing  the 
profiler's  aperture  will  be  described  in  future  papers. 

A  very  strong  correlation  is  demonstrated  between  angl—of -arrival  deviations  and 
tropospheric  refractivity  based  on  data  recorded  using  meteorological  sensors.  The 
meterorological  measurements  were  carried  out  at  one  terminus  of  the  propagation  path. 

It  was  found  also  that  there  was  a  reasonably  good  correlation  between  integrated 
measurements  over  the  total  path,  based  on  values  derived  from  the  profiler's  null-height, 
with  meteorological  measurements  at  the  profiler  ond-point  of  the  propagation  path.  The 
sensitivity  of  the  profiler  for  measuring  dN/dh  was  found  to  vary  botweon  3  and  15  NU/km, 
depending  on  the  actual  value  of  dN/dh, 
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Figure  3:  Profiler  in  a  typical  awuureaent 
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Figure  4:  Profiler  and  curved  earth  geoaetry. 
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different  propagation  condition*. 
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Figure  3<  Effective  earth'*  radtu*  faotor 
vereua  refraotivity  gradient. 
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Figure  5:  Exaepln*  of  roy  path*  for  dK/dh  • 
-450  ftUAa.  the  radiue  of  curvature  I*  equal 
to  2. 28.10*  a. 
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Figure  fit  Ingle-of-err Ivel  for  the  direct  end 
indirect  ray*  vereua  refract Ivity  gradient. 
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SUMMARIZING  DISCUSSION  AFTER  SESSIONS  I  TO  ffl 


In  a  general  discussion  (chaired  by  H  J  Albrecht)  following  the  more  propagation-oriented  sessions  I  to  m,  some  of  the 
remaining  discussion  items  were  covered  and  added  to  the  discussion  remarks  after  the  respective  papers. 

In  addition,  a  more  general  exchange  of  views  developed  on  the  question  of  data  bases  and  their  use  in  system 
applications. 

Questions  such  as  standardization,  resolution  with  particular  regard  to  high  frequencies,  and  reliability  were  dealt  with 
in  particular.  In  reply  to  a  question  on  international  standards  by  J  JT.Whitteker,  H JCuschel  referred  to  the  DX.M.S.  model 
he  used  for  his  work  (paper  no.  7)  and  mentioned  the  US  reference  guide  which  is  applied  multinationally  for  the  preparation 
of  such  data  bases.  He  also  pointed  out  that  a  DXMS.  version  with  30  m  intervals  is  being  prepared.  HJ  Albrecht  added 
that,  to  his  knowledge,  a  first  topographic  data  base  of  general  applicability  had  been  used  by  the  US  Army  in  the  late  sixties 
and  that  models  had  been  gradually  unproved;  AGARD  had  covered  the  field  in  regular  intervals  with  contributions  and 
discussions  on  standardization  and  variability  of  input  data.  L .B-Felsen  mentioned  the  importance  of  reliability  of  data  and 
emphasized  the  need  for  a  proper  indication  of  all  factors  influencing  the  intended  applicatioa 
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MM-WAVE  PROPAGATION  AND  APPLICATION  IN  MILITARY  COMMUNICATION  SYSTEMS 

by 
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Tactical  Communication  is  becoming  more  and  more  important  in  modem  armies.  After  an  improvement  phase  of 
Weapon-  and  Surveillance-Systems,  emphasis  is  now  on  Command  and  Control  and  the  optimization  of  the  weapon 
efficiency.  Hereby,  communication  is  a  dominant  subsystem. 

According  to  the  electronic  threat  new  requirements,  i.e.  Jam-resistance,  security  against  Interception  and  Deception 
must  be  fulfilled;  under  conditions  of  a  high  degree  of  mobility. 

Tactical  communication  in  modem  armies  uses  the  VHF  range  from  30  MHz  to  88  MHz.  Advanced  realizations,  as 
they  are  operational  or  in  introduction  (Germany  Army)  now  include  digital  transmission,  voice  and  data  capability  and 
ECM-resistance  by  Frequency-Hopping  methods  and  encryption.  But  the  utilization  of  the  VHF-band,  including  the 
traditional  analog  Fixed  Frequency  Communication  (Interoperability)  is  strongly  limited  and  not  sufl 
Military  Radio  Net  requirements.  This  is  the  reason  for  looking  for  new  additional  frequency  ranges. 

Possible  solutions  are  offered  by  the  mm-Wavcs  in  frequency  bands  higher  than  30  GHz,  which  are  free  for  use 
according  to  Frequency  Planning.  This  paper  investigates  rom-Wave  characteristics,  propagation  effects,  l.e,  atmospheric 
attenuation,  shadowing,  reflection,  fading  and  its  influence  on  radio  links.  System  concepts  for  short  range  communication 
U.  internal  Command  Post  Communication  are  presented  and  discussed. 


to  meeting  the 


I.  INTRODUCTION 

Tactical  VHF  Radio  Systems  are  In  use  to  nearly  all  the  armies  of  die  world.  Tl'is  Communication  System  is  the  main 
instrument  for  information  exchange  and  Command  and  Control  on  different  levels  of  military  organisations. 

At  Command  Levels  forward  the  brigade,  Radio  constitutes  the  primary  means  of  communication.  Besides  the  HF* 
links,  which  are  used  for  long  range  operations.  VHF-Conummteation  is  used  in  the  battlefield  by  at)  ground  forces. 

This  paper  describes  VHF-Radlo  Systems  fit  use  and  according  to  the  electronic  threat,  advanced  Systems  which  will 
come  into  operation  in  the  late  eighties.  For  future  improvements  the  application  of  mm- Waves  tuts  been  investigated. 


1.  ARMY  YllF-COMMUNlCAllON  SYSTEMS 
2.1  TmdRloat!  System* 

VHF-Communication  has  been  in  use  over  some  decades  in  Western  armies.  Well  known  examples  arc  the  US- 
Versions  AN/PRC-77  and  theVRC- 1 2  Family.  W  the  German  SEM  25.  SUM  35.  These  Tactical  Radios  operate  in  the 
frequency  range  from  30  MHz  to  88  MHz,  According  to  national  frequence  allocation,  normal!)!  only  some  parts  are  usable. 
For  the  German  Amy,  frequency  range  U  Untiled  to  80  MHz  and  some  parts  are  restricted. 

Kaoiwcommunicaiioa  in  the  VHF  band  is  organized  in  the  form  of  radio  nets.  A  radio  net  coruiiu  of  a  certain  group  of 
participants,  who  should  all  receive  information  at  the  same  time  This  Simplex  mode  requires  absolute  radio  discipline. 
Radio  equipment  U  designed  to  transmit  voice  on  fixed  frequency.  Ibis  fixed  frequency  Is  identical  with  one  radio  act, 

Channel  Spacing  is  realized  in  50  KHz  (older  generations)  and  25  KHz  steps;  this  results  in  a  maximum  (not  usable) 
number  of  -  2000,2320  Channels,  or  independent  radio  nets. 

Voice  transmission  is  realized  by  Standard  Analog  Frequency  Modulation  (FM)  including  1 50  Hz  Taste  Squelch.  This 
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modulation  is  well  adapted  to  the  VHF  radio  channel  characteristics  (Fading,  Multipath).  An  important  matter  is  the  NATO- 
Standardisation  of  this  modulation  and  the  relevant  transmission  parameters  (STAN  AG)  which  allows  real  interoperability 
in  the  battlefield  between  NATO  partners. 

Tactical  Radios  are  produced  in  different  versions;  man  packs  for  short  range  communications  up  to  10  km  with  a 
maximum  power  of  5  W,  and  different  vehicular  stations  which  use  power  boosters  of  40/50  W  to  communicate  over 
distances  of  up  to  30  km. 

2.2  Electronic  Threat 

According  to  the  importance  of  the  VHF  Radio  System,  the  enemy  has  concentrated  enormous  activities  to  reduce  and 
degrade  the  system  performance.  This  electronic  threat  results  in  a  number  of  Electronic  Counter  Measures  (ECM),  mainly 
in  Interception  and  Jamming. 

Traditional  VHF  communication  is  based  on  fixed  frequency  operation  and  a  strong  relation  to  a  fixed  radio  net, 
including  all  partners  of  the  net.  A  fixed  frequency  operation  (one  set-up)  is  normally  active  for  a  time  between  5  sec  to  1 2 
sec.  State  of  the  ait  Surveillance  Receiver  Techniques  are  capable  of  surveying  a  total  band  of  30  MHz  to  80  MHz  in  a  time 
of  1 0  msec  to  50  msec  depending  on  the  amount  of  equipment.  Automatically  switched  on  “Set-up  Receivers”  allow  total 
surveillance  of  the  VHF  band.  Based  on  this  technical  surveillance  additional  processing  results  in 

—  Information  gathering  of  radio  net  specific  communication 

—  Direction  Finding  and  Position  Locating 

—  Identification  of  radio  net  participants 

—  Identification  of  hierarchical  structures,  i.e.  batteries,  weapons,  command  post  (Battailion,  Brigade) 

—  Intelligence  processing 

Besides  these  passive  surveillance  and  reconnaissance  activities,  active  Counter  Measures  roi  fol'oy- 

—  Jamming  of  important  radio  nets  (at  the  right  time) 

—  Deception  of  rtdio  nets  by  tiaramitting  false  information;  recording  and  retransmission 
and  a  number  of  more  and  more  sophisticated  actions. 

It  is  obvious  that  the  'raditiomti  fixed  frequency  radio  is  not  secure  enough  to  overcome  the  enemy's  threat.  Thai  was 
realised  rt  the  middle  of  the  1 970s  und  the  US  and  German  Military  Authorities  in  particular  started  the  development  of 
new  generations  of  Tactical  V  HF  Radios  |1 ,  2|. 

2.3  New  Requirements 

For  this  development  a  number  of  uew  requirements  were  defined  according  to  the  possible  and  future  electronic 
threat: 

n  Security  ug  insi 

-  interception  and  Detection 
—  Deception 

-  Jamming 

*  Improve  men:  and  Upgrading  of  Communication  Capacity 

•  Secure  data  tr amutuutou  (or  Automatic  Command.  Control  and  Weapon  System*. 

These  Tactical  requirements  resulted  in  investigation  of  now  principles  and  new  ledmical  requirement*  for  the 
equipment 

—  digital  ttansmMon 

—  digital  voice  modu'alion 

—  secure  coding  methods 

—  Frequency  economic method* 

—  Spread  Spectrum*  apptieatkxt 
'  -  encryption 

Finally  the  new  gettetathm  should  Ik  realised  with  digital  technologies  and  high  integrated  circuit*  (1-ST*),  to  improve 
reliability,  nvtlmalnthdity,  ami  to  reduce  weight,  vshrttn  and  power  co«*u«ptidtt. 


3.  ADVANCED  YttF-SYSTEMB 

Sine*  the  laie  wveatlot, German  Military  Authorities  sponsored  the  Development  of  a  new  VHF  Timlin  Family,  to 
overcome  hostile  cVctrooic  threat.  Thu  radio  family,  the  FuCkr  A/VHP  was  designed  and  developed  by  SiU,  The  outfit 
requirement*  sod  aoJckui  are  discussed  in  the  Hbtiowwg  paragraph*. 
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3.1  Digital  tnuMoinkm 

Security  against  Interception  and  Detection  can  be  achieved  by  encryption.  Modern  encryption  methods  with 
reasonable  means  require  digital  solutions,  so  it  was  necessary  to  find  solutions  for 

— digitai  voice  modulation 

—  digital  transmission. 

Voice  modulation  methods  vary  between  traditional  64  kBit-PCM  and  advanced  Vocoder  principles  with  2.4  KBit/sec. 
A  large  number  of  tests  including  military  field  test  gave  the  result  that  1 6  kBit/sec  Deltamodulation  is  best  suited  for  VHF- 
communication;  even  bit  error  to  a  rate  of  10'1  will  give  a  sufficient  quality  of  voice. 

These  16  kBit/sec  are  well  adapted  to  the  radio  channel  and  the  channel  spacing  of  25  KHz,  which  must  be  used 
because  of  interoperability  reasons  with  old  equipment  and  a  NATO-Standard.  Binary  Frequency  Shift  Keying  (FSK-2)  was 
selected  as  the  modulation  method,  in  accordance  with  traditional  FM  analog  modulation. 

VHF  Radio  Channels  suffer  from  fading  caused  by  multipath  propagation.  Bit  error  rates  vary  between  10-1  and  10~*. 
For  secure,  high  quality  data  transmission,  it  was  necessary  to  incorporate  the  following  principles: 

—  use  of  correlation  marks  for  secure  bit-synchronisation 

—  24/36  block  coding  for  error  detecting  and  correcting 

—  multiple  transmitting  to  reduce  fading  efects. 

As  a  result,  data  transmission  with  bit-error  rates  less  than  1  O'4  is  possible,  related  to  a  daw  rate  of  2.4  KBit/sec,  which 
is  a  standard  in  Command  and  Control  applications. 

Encryption  has  been  realised  with  the  16  KBit/sec,  according  with  the  RF-bit  rate,  and  the  use  of  correlation  technique 
resulted  in  a  secure  synchronisation. 

3.2  Frequency  Economic  System 

The  German  VHF  frequency  band  is  limited  from  30  MHz  to  80  MHz;  some  parts  of  the  band  are  restricted.  As  a 
result  the  maximum  number  of  channels  (2000)  is  not  available.  In  addition  military  staff  require  greater  voice 
communication  capacity.  Overall,  new  services  for  data  transmission,  for  Command,  Control  and  Weapon  Systems  must  use 
the  VHF  band.  So  it  was  necessary  to  find  solutions  for  a  better  use  of  the  frequency  band. 

In  a  fixed  frequency  operation,  the  channel  is  used  by  one  radio  net.  Field  tests  and  statistics  showed,  (hat  oven  in  ease 
of  high  communication,  the  channel  capacity  is  used  only  -  20%  oi  time. 

This  bet  allowed  the  design  of  a  so  called  “Automatic  Channel  Selection"  (ACS).  A  large  number  of  Radio  Nets  are 
now  sharing  a  bundle  of  frequencies  (16).  The  Radio  Net  Is  defined  by  a  digital  number.  In  case  of  communication  request, 
the  transmitter  searches  a  “free"  frequency  out  of  the  bundle  and  transmit*  a  selective  call  (Radio  net  number).  All  receivers 
(bundle)  are  scanning  all  16  frequencies;  if  there  is  a  call,  they  will  detect  their  radio  number  and  will  stop  scanning,  After  » 
time  of  some  100  m»e,  the  transmitter  and  ail  authorized  receivers  wilt  fix  the  same  frequency  and  communkation  can  be 
perforated  for  the  time  necessary.  At  the  end  of  the  communication  (timeout)  ail  radios  revert  to  tbe  scanning  mode. 

The  ACS  works  fully  automatically;  them  Is  no  difference  to  fixed  frequency  operation  for  the  soldier.  Figure  3. 1  shown 
a  schematic  of  the  principle. 

The  ACS  fulfills  the  requirement  of  a  better  use  of  VHF- Range  and  offers  die  user  more  communication  capacity  up  to 
a  factor  oMff.lt  works  for  voice  ttantmUsion,  data  transmission,  in  dear  and  ii;  encrypted  mode,  made  possible  by  digital 
principles  Besides,  the  ACS  offers  some  BCM  resistance  because  radio  nets  ate  not  using  the  same  fixed  frequency  end  the 
ACS  it  automatically  using  the  “best"  channel. 

3J  Spread  hf*ctru«  AppUcaiioti 

To  achieve  more  ECM-rcsistancc  it  is  accessary  to  use  Spread-Spectrum  Principle*.  Hereby  tome  essential  functions 
flutu  b$  fajS&iifc 

—  Spreading  the  information  over  a  broad,  usable  band 

—  method  of  spreading  mutt  guarantee  a  cryptological  secure,  authorized  acceat 

—  Use  of  band  mutt  be  frequency  economic,  great  number  of  radio  nets. 

Ihcte  are  two  principal  methods,  which  fulfill  these  t  equircmenti  to  some  extent: 

—  Direct  Sequence  Modulation  (PS) 

—  Frequency  Hopping  (FH). 

In  cate  of  DS-Modulatioo,  the  information  it  spread  over  the  band  (transmitter)  by  multiplying  the  Information  with  a 
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defined  high  speed  code  sequence.  The  Spreading-Factor  N  as  a  relation  between  high  speed  code  bandwidth  and 
information  bandwidth  is  a  measure  of  jam-resistance.  On  the  receiver  side,  using  the  identical  code-sequence  a  de-spreading 
leads  to  the  original  information  band.  In  case  of  jamming,  only  a  small  part  (1/N)  of  the  jammer  energy  is  finally  within  the 
information  bandwidth  (Figure  3.2.). 

DS-Modulation  offers  a  good  anti-jam  margin  (1000  Channels  ”  30  dE).  There  are  no  possibilities  for  interception  and 
deception,  since  the  code-sequence  is  cryptologically  secure  and  unique. 

The  main  disadvantages  are: 

—  only  a  limited  number  of  code-sequences  (Radio  Nets)  is  available,  which  fulfill  the  requirement  of  orthogonality 
and  cryptological  security 

—  Code-Sequence  synchronisation  is  very  sensitive  to  jammers  and  to  multipath  effects  (VHF) 

—  DS-Mcdulation  is  not  a  compatible  method  to  existing  VHF-Radio  Standards. 

Another  possibility  for  Spread-Spectrum  Application  is  Frequency  Hopping.  Hereby  the  information  is  formatted  into 
data  blocks;  those  blocks  arc  transmitted  on  a  defined  sequence  of  frequencies.  Hopping  speed  must  be  high  enough  to 
overcome  fast  surveillance  receivers;  ranges  of  so-called  slow  and  medium  Hoppers  are  in  the  range  of  10U  to  500  Hops/sec. 
Each  radio  net,  is  defined  by  a  unique  sequence  of  frequencies,  which  is  generated  by  a  cryptologically  secure  device 
(TRANSEC).  A  sufficient  high  number  of  different,  statistically  independent  sequcncies  (Radio  Nets)  is  available. 

FH-Systems  offers  good  anti-jam  margin;  by  using  frequencies  (Hop-bundle)  out  of  the  total  band,  they  come  up  to  the 
same  anti-jam  margin  as  the  DS-Modulation.  ( 1 000  Channels  —  30  dB),  In  addition,  frequencies  to  be  used  can  be  selected 
out  of  the  band,  so  restricted  areas  and  channels  using  traditional  fixed  frequency  operation  or  ACS  are  not  self-jammed  as 
in  case  of  DS-Modulation. 

FH-rcalisatlon  urn  use  standard  channel  spacing  and  standard  R/T  equipment  (filers,  synthesizers).  So  the  FH  is 
compatible  to  exhfin.t  VHF-Sland«rds;  it  works  with  16  rCBit/sec  transmission  (FSK-2)  and  transmits  voice  or  data  in  clear 
or  encrypted  mode. 

The  synchr.  nisarkm  of  the  Hop-sequence  is  realised  by  a  ciock-Uependcm  algorithm,  and  does  not  suf  fer  from  jamming 
and  hostile  dcccptio... 

There  is  one  orineipal  dkitdvanuigc  of  FH-Syxicras.  If  on  a  bundle  of  frequencies  (K)  a  number  of  radio  nets  (N)  is 
active  at  the  same  'ime,  there  is  a  defined  self-jamming  (similar  to  DS-Modulation).  Figure  3.3  shows  a  worst-case 
presentation.  As  an  example  with  K  -  256  and  N  —  28,  the  resulting  block  error  rate  would  be  10“'  (bit  error  rule  5  10') 
caused  only  by  own  radio  nets. 

This  is  u  worst  ease  consideration.  In  reality  radio  nets  ar.d  related  transmitters  are  distributed  over  die  battlefield;  then 
self-jamming  is  essentially  reduced  Nevertheless,  one  should  be  conscious  of  die  problem  and  carefully  select  FH- Radio 
Nets. 


In  order  to  get  me  best  Anti-dam  margin,  the  Germany  army  is  using  a  joint  ACS- PH  mode.  FI  1  is  used  by  the  specific 
radio  net  only  In  case  of  possible  jamming,  by  that  means  an  optimum  Anti- Jam  margin  can  be  achieved. 

3.4  Realisation 

For  the  Gcroutt'  Army,  SEl.  has  developed  die  FuOer  A /VHF  Radio  Family,  lids  radio  system  has  now  been  ia  . 
production  sine*  1 9H5.  Aft  fiCCM  version  including  Frequency  Hopping  will  come  into  operation  in  the  late  eighties. 

According  to  the  new  tactical  requirements  this  radio  system  will  overcome  the  hostile  elect  rook  threat.  (Figure  5.4  > 
Figure  3.5  shows  a  picture  of  a  man  pack  and  a  vehicular  version  of  the  radio, 

3.5  Future  Dtnttopmcol 

H  Is  obvious  that  after  the  introduction  of  liCM  resistant  radios,  now  activities  for  more  sophtstkated  Ci'unter 
Measures  will  come  up.  First  concept-studies  have  been  started  with  the  objective  of  detecting  DS-Modulation  and 
Frequency- Hopping  Systems.  To  be  prepared,  nest  generations  of  Army  Communication  System*,  must  be  taken  into 
consider  atlott. 

PoixiMe  solutions  (or  the  VHF -Radio  ctsuld  be 

—  NuUsieetlttg  Antenna  Processor  Systems  in  Jammer- Nulling 

—  Fait  Happing  Systems,  where  Hopping  Speed  is  in  the  range  of  Electromagnetic  Wave  Propagation  speed 

Liven  in  the  event  (hat  well  systems  area  feasible  and  there  am  some  doubts  because  of  muldpath  effects,  there  is  not 
possibility  of  offering  more  communication  capacity  In  the  VHF  range.  Since  this  is  a  main  objective  for  the  future,  it  is 
necessary  to  look  fw  new  pouibilitica,  and  that  smart  other  frequency  taitgcs. 


mm- Waves  may  be  the  solution. 
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4.  MM-WAVE  COMMUNICATION 
4.1  General 

For  the  selection  of  new  frequency  ranges  to  be  used  for  army  communications,  some  requirements  must  be  fulfilled. 
Basically,  those  frequency  bands  must  offer  broadband  capacity  and  high  resistance  against  Interception  and  Jamming;  full 
mobile,  ground  based  application  must  be  guaranteed. 

Regarding  possible  free  ranges,  one  comes  up  to  ranges  higher  than  10  GHz.  Figure  4.1  presents  the  propagation 
conditions  of  frequencies  up  to  400  GHz,  where  especially  atmospheric  attenuation  is  a  main  factor  influencing  propagation, 
besides  free  space  attenuation.  One  can  see  that  for  some  frequencies,  resonator  effects  lead  to  high  values  of  attenuation. 
There  are  some  Maxima  and  Minima,  where  the  ranges  of  35  GHz,  60  GHz  and  95  GHz  are  of  special  interest. 

In  the  case  of  60  GHz,  atmospheric  attenuation  comes  up  to  1 5  dB/km;  for  35  GHz  (radio  window)  only  0.2  dBAm 
results.  These  additional  attenuatons  escntially  reduce  propagation  range.  Assuming  usual  (realistic)  system  values  for  a 
transmission  link, 

G,  —  G,  —  7  oB  Antenna  Gain 
P,  —  1  W  Transmitted  Power 

P„  “  _90  dBm  Receiver  Sensitivity 

the  maximum  range  results  in  the  values  demonstrated  in  figure  4.2. 

As  an  example  of  interest,  the  range  for  35  GHz  will  be  about  3300  m,  and  for  60  GHz  only  650  m. 

In  addition,  propagation  is  influenced  by  rainfall.  While  at  35  GHz,  assuming  a  rate  of  10  mm/h,  range  is  reduced  by  a 
factor  of  two,  60  GHz  are  nearly  insensitive  against  rain. 

For  the  evaluation  of  ECM  resistance  of  a  radio  system  it  is  necessary  to  consider  surveillance  and  jamming  conditions. 
For  surveillance  receiving  equipment,  the  following  system  parameters  are  realistic: 

P,  ~  I  W  Transmitled  Power 

P,  —  7  dB  Antenna  Gain,  T ransmltter 

G,  “  30  dfi  Antenna  Gain,  Surveillance 

P,„  *»  -  90  dBm  Receiver  sensitivity 

Figure  4.3  shows  the  relation  between  surveillance  ranges  as  a  function  of  frequencies,  including  atmospheric 
attenuation.  So  V-  GHz  can  be  detected  over  a  distance  of  about  32  km;  for  60  GHz  this  distance  goes  down  to  2000  m.  This 
means  that  umJjr  army  battlefield  conditions,  60Glix  communication  Is  absolutely  secure  against  Interception  end  also 
Jamming.  The  atmospheric  attenuation  of  1 5  dBAm  at  60  OH  is  an  excellent  means  of  achieving  FCM-rosistance.  This  is  not 
Uw  case  for  35  GHz. 

On  the  other  side  the  60  OH*  communication  range  of  -  1 000  m,  is  not  sufficient  for  die  Army's  tactical  requirements 
(up  to  30  km).  But  for  some  short  range  radio  nets,  eg.  Commend  Pott  internal  Communication.  60  GHz  arc  a  potential 
solution. 

The  above-mentioned  results  arc  based  on  the  assumption  of  free  linc-of-dgiti  cortditiuns  ami  neglect  distortions. 

For  a  tactical  application  in  the  Isattlcfield.  this  is  not  realistic,  Shadowing  effects,  caused  by  house*.  woods,  *vhiel«  a» 
well  as  muitipwh  tuostagation  mutt  tic  considered. 

4J  Kffeet*  of  propagation 

On  valuation  of  [xwdbte  assignments  of  a  60  GHa-Rystcm.  we  fi/st  consider  the  external  dtsturlHng  effects  in  a 
modelling  manner.  Those  ate; 

—  Shadowing  and  diffraction 
w  Reflections  and  fading. 

4X1  SHafculBtMdKjmcawr 

For  demonstrating  the  tvt  -h  difference*  of  a  disturbed  Slit-  •  atsd  mm-Wavc  respectively,  a  conducting  settles)  (tail- 
plane  of  height  H  is  insetted  between  irnssmittcr  and  receiver.  (This  model  and  the  related  formulas  are  shown  in  fig  -t.ay 
The  diffraction  attenuation  is  <*»  sttaUy  affected  by  the  height  H  and  the  frequency,  rcip.  wavelength. 

For  example,  the  distance  between  the  transmitter  and  the  feci ever  i*  500  m.  the  •inducting  Falf-piane  is  right  in  the 
middle  of  this  diitaaec  and  the  height  His*'  1  m.  F'rom  this,  it  follow*  tor  the  attenuation  at 

WMIh  ;  6,5  dfi 

6OOM1  ;  1 4 dfi. 
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For  s  radio-system  tt  60  GHz  with  an  operational  coverage  between  1 00  m  and  1 000  m,  obstacles  may  totally  interrupt 
the  radio  line. 

4.2.2  Reflections  and  fading 

If  the  direct  radio  line  is  interrupted  by  an  obstacle,  there  may  be  reflection.  Depending  on  the  angle  of  arrival,  the 
quality  and  roughness  of  reflector,  s  part  of  the  impact  energy  will  be  reflected  to  the  receiver.  As  usual  in  wave  propagation 
theory  the  roughness  is  defined  by  »  normalized  rras  value.  For  a  gaussian  distributed  change  of  height,  this  time  rms  <  ahic  is 
givcoby 

roughness  (rms  value) —d,,  sin  S 

where  ip  is  the  rugfr  „{  arrival,  X  is  the  free  space  wavelength  and  X,  is  the  rms  value  of  the  distribution  of  height  it  follows 
from  this  equation  that  the  roughness  is  directly  proportional  to  the  frequency. 

For  a  very  small  roughness,  fire  impacting  energy  will  be  specular  reflected  by  the  reflector.  For  increasing  roughness, 
the  amount  of  sp  ettirr  refected  energy  is  decreasing  while  the  diffusely  scattered  amounts  are  reaching  the  receiver.  This 
behaviour  may  fcj  described  mathematically  by  two  real  diffraction  coefficients,  p,  and  ft,,  for  the  specular  and  the  diffuse 
reflection  respectively.  Fig.4,  S  shows  the  run  of  p,  and  ft, . 

p,  may  be  approximated  by  the  equation  I3| 

where  4  U  the  modified  ftrsecl-functioii  of  the  order  zero  and  z  is  defined  by 


pj  has  a  complicated  dependence  to  ig,  6^,  X  and  the  cmxi-scctioo  of  the  reflector,  it »  nearly  constant  for  values  *  i 
roughness  (rots  vebie)  > 0  1  j3,  4j.Thc  figure  of  0.4  Is  *  typical  maximum  vale :  J4|. 

As  a  result,  the  reflected  wave  U  tin:  Complex  sum  of  two  (?in«-!,eiatel)  nputponautt 


where  the  reflection  coefficient  g  is  muitiptad  by  ft  and  ft,  respectively.  The  (compter)  MHvetam  eucfiictcut  p  is  defined  lot 
specular  reflection:  it  is  different  for  vertically  ami  horizontally  pofaffesi  waves  j  ij.  i  unhcruuwc  p  U  dependent  ut  the 
materials  and  frequency. 

K  there  are  no  obstacles,  (Hit  redecton  t<i=.sssi  trcirmhi.r  aid  f^vyrer.  sntftipath  reception  occur*:  depending  on  the 
toughness,  the  vector  turn  of  the  decimal  field  -cneip<>orx)t» » afem  *«  Sttcreosc.  m  -  iecrcasc  (fading). 

For  low  tuUataa  tretghfa  and  disutuces  less  than  JiflKj nvu,  cvisSsqf  is  always  to  he  taken  two  conrideration  w  system 
development. 

To  tester  vkat  fading  fa timetes!  with « b*o  .w4y«todd  with  one  directly  and  otic  indirectly  (reflected)  received 
cnmpnrsat!  of  Add  strength  (fig.  4  .ft).  Fig.  i. ?  osnw»  itdeiifetifHt  of  the  uotmafed  received  power  P/P*  in  the  case  of 

two-way  reception  For  this  coorideaMoo  •}«>  'vcfrw  rjm  «a*  approximated  by  an  algebraic  sum.  itecutue  the  diffuse  and 
specular  part*  ore  uncurrelated.  the  brisd  power  ri  the  sees  of  direct  and  diffuse  power. 

Two  special  c»e»  lie  rf  piriieulat  utUrri-li'  ddheve  reflection  and  specular  reflection  at  distances  that  are  much  larger 
than  the  heights  ef  aatawut.  At  sfapmsed  in  %  4  h,  in  case  of  specular  reflection  and  for  psth-kngth  differences  of 

A  *»(&-«•  ipk. 

the  rwsivtd  power  is  f4£4J?  uriiesrety)  2o\».  lletwecn  the  mrllx,  (here  are  maxima*  of  6  dll  gain  complied  with  the  direct 
received  pwen.  the  U*t  null  (ckre  n“o^  the  powv»U  decreasing  with  l /d*  •  l/lo*  **•,  where  a  U  the 

fewufauBnsphsirwrtitnwafeioaiidtataaiictiuaikvnlndflperkflowctre. 

to  t«c  caae  tA  diffote  re&riioo  at  60  QHi  and  far  (m^hnesiet  with  a  rtodanl  deviation  greater  than  20  cun,  the  fadiag 
effects  are  vat&iisg  and  the  teed  red  power  k  stightiy  is^Kr  compared  wvth  the  uodistutbod  case. 
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4.3  ExperteHitai  Results 

4.3.1  Test  Equipment 

in  order  to  study  the  propagation  conditions  with  smah  aiUentu  heights  fh,  “  hj  “  2.7  m )  in  real  surrot'ndrfi'-s  (streets, 
fields,  woods)  test  equipment  was  built  which  worts  at  6 1  GHz,  consisting' of  a  transmitting  and  a  receiving  station.  Figure 
4.9  summarises  the  main  system  parameters  of  die  equipment,  which  was  instill,.  d  into  two  vehicles.  For  the  measurement 
two  antenna  types,  an  omni-directional  antenna  (G  —  5  dB)  and  f  lorn-antenna  (24  d3)  were  used.  According  to  different 
antenna  configurations,  ranges  between  1 50  m  and  1 500  m  could  be  achieved. 

Maximum  transmitted  power  was  2  x  IOC  irW;  an  injection  locked  oscillator  (1LO)  with  a  number  of  Gunn-Diodcs 
were  used.  Transmitted  power  was  shared  by  two  carrier  frequencies,  with  a  spacing  of  40  MHz. 

Information  data  were  genermed  by  a  shift-register  of  16  bit,  running  at  variable  transmission  rale  between  0,125 
MHz/scc  up  to  8  MHz/sec. 

Receiver  equipment  was  realised  with  variable  IF-Filters  and  information  l.P-Filter:  >n  addition  it  was  possible  to 
demodulate  frequency  diversity  signals  separate  or  continued  (pre  detection  combining). 

On  the  receiver  side,  local  generated  bitstream  and  transmitted  bitstream  were  compared  (after  synchronisation).  So 
bit-errors  could  be  measured;  intervals  were  between  10  msec  and  1 5  min. 

As  a  Masis  for  interpretation  of  the  channel  characteristics  and  propagation  effects,  carrier  to  Noise  Ratio  C'N,  and  Bit 
error  rate  BEK/time  were  measured  a  id  recorded.  Two  types  of  modulation.  Binary  f  requeney  Shift  Keying  (FSK)  and 
Differential  Phase  Stiff,  Keying  (DPSK)  liave  been  tested  and  compared  with  theoretical  figures  |3, 4, 5, 6, 7], 

4.3.2  Test  resuiu 

In  the  first  test  configuration  both  vehicles  were  on  a  street  without  special  obstacles  (line  o'  sight).  Driving  one  vehicle 
away  'tom  the  other,  vanalions  of  field  strength  were  measured.  Figure  4.10  and  4. 1 1  show  the  theoretical  and  measured 
values.  Mcusuted  Fading  Depth  was  in  the  range  o'  70  dB  to  25  dB  The  larger  the  distance,  variations  become  smaller  and 
the  distances  between  adjacent  minima  and  maxima  become  larger.  Measurements  showed  good  coordination  with  theory. 

Figures  1  1 2  and  a.  j  1  show  the  results  of  BER  measurements  for  FSK  and  DPSK  at  8  MBit/ sec  transmission. 

For  comparison,  theoretical  values  axe  outlined  with  a  parameter  c.  e  u  defined  as  the  relation  ol  direct  received  signal 
Energy  A ’’ft  to  ttic  mean  square  value  ot  all  multipath  signals,  according  to  mathematical  models  of  RICE- Fading  |6| 

Hus  gives: 

c  -  o  no  direct  signal 

e  -  ■»  no  muUipath  signal 

The  measured  BER  (steady  movement  id  one  veliicle)  shows  tin;  following  results; 

-farrier  Noise  Valuta  arc  mainfy  concentrated  in  the  range  Iwtwecn  H>dH  to  20  dB 

—  HER  ate  tn  die  range  between  I0  :  and  U> 

—  for  fixed  C/N  tatiu.  (actor  c  vane*  tremendously  (relation  direct  ognal  reflected  sum) 

—  Measured  vahtci  differ  (rum  theoretical  limits  (c  *•  t*)  because  of  limited  A  l>-svinvcnnin  accuracy 

—  DP5X  results  in  better  HER  duo  FSK 

In  a  second  text  configuration  both  vehicles  were  located  no  a  field  covered  with  gran  Test  procedure  was  similar  to 
the  first  one  One  vehicle  mused  away  (fnm  the  other  and  tVN  as  well  as  HER  was  measured 

Figures  4, 1 4  and  -I  t  5  show  the  signal  to  not.se  ratio  (f  ’  N)  as  function  of  distance  According  to  the  mfiuence  of  grass, 
diffuse  reflection  is  die  main  |»»ft  o(  received  signal,  variatuins  are  very 

Fur  HER.  tncasufitucol  in  Figure  4  1 6.  ( iwo  carriers )  and  Figure  4.1 7  (one  carrier)  with  FSK  and  *  MUit  we shows  (he 
Mknsing; 

—  Carrier, 'Noise  Values  ate  more  concentrated 

—  HER  are  much  better  and  in  good  accordance  with  theory 

—  Parameter  c  u  nearly  cvxhuki 

A  very  important  result  Is  the  fact  that  the  use  ol  Frequency-Diversity  (two  carriers  40  MHl  Spacing)  and  ptc-ikicvhoti 
tsKtihiiutu  leads  so  a  good  UEU  performance. 


16-8 


4.4  Problems  and  Solutions 

Two  examples  of  experimenta,  results  have  been  presented.  A  number  of  additional  test  configurations  have  been 
evaluated,  i.e.  shadowing  in  wooded  areas ,  reflection  between  houses,  influence  of  snow  etc.  .Vs  a  main  result  one  can  say: 

•  communication  with  50  GHz  is  feasible  within  short  ranges 

•  Shadowing  effects  are  the  main  problem;  they  can  be  solved  on  System  level  by 
—Relay  concepts 

—  TDM  A  with  routing 

•  Fading  problems  can  be  reduced  by 

—  diversity 

—  spread  spectrum  principles 

•  intersymbol  Interference  can  be  reduced  by  coding  methods 

Ths  60  GHz  experimental  program  is  sponsored  by  the  German  MOD  and  will  be  continued  in  the  next  years  by  SEL. 
First  application  is  planned  for  future  commmand  post  internal  communication. 


5.  SUMMARY 

This  paper  described  the  situation  of  Army  Tactical  Communication  Systems,  which  traditionally  are  arranged  in  the 
VHF  frequency  band. 

Advanced  VHF  generations,  including  ECM-resistance  were  presented  and  possible  application  of  mm-Waves  in  the 
range  of  60  GHz  for  future  use  were  discussed. 
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NEW  REQUIREMENTS 


«  Data  Transmission 

•  Security  against 
Intercep i ion/Detection 

•  Freouency  Economy 


•  Secure  against 

Interception 

Deception 

Jamming 


SOLDI  IONS 


*  Digital  Transmission 
!6  KBlT/sj  2. 'I  KB l ,/s 

r 

t  Encryption  16  KBIT/S 
VOICE/  Deltamodulation 

«  Automatic  channel  Selection 
factor  6  10  more  Radio  Nets 

•  Frequency  Hopping 
(plus  encryption) 
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figure  4.4;  diffraction  coefficient  (model) 
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Pe  ■  total  received  power 

P0  -  direct  received  power  (  Pg  -  1/d2  •  l/10*‘^k*  ,  e  •  eR  ♦  eR  In  d8/k*  ) 

ps  •  speculer  scattering  coefficient  (  0  s  p(  S  1  ) 

Pj  ■  dlffus  scattering  coefficient  (  0  4  <  0,5  ) 

AP  •  phase  difference  between  direct  and  indirect  (reflected)  electric  field  coopcnent 

p  e  •  complex  (vertical  or  horiiontal)  reflection  coefficient 
f(a  )  "  antenna  voltage  gain  pattern 

k  •  additional  attenuation  due  to  the  longer  path  (  k  s  1  ) 


figure  4,7;  received  power  foe  two  path  propagation 


Special  cases 


hf  ,  ht  «  d 


f(a)  »  1 

P  ©Xp(  j'%  )  •  -1 

o  specular  reflection 

-  Pf/P9  "2(1  -  co*  A,ft  )  •  2  (  i  *  co*  ap., 

with  As  •  (Jj  *  s,)  -  *  «  2  hr  ht  /  d 

•  fading  effects  (winiea  and  waxlaia} 

*  0  <  *t/f0  *  * 

0  dlffus  reflection  (f  •  60  otia,  a  h  >  ZO  m) 

’  VPo  *  1  '  Pd*  >  1 

-  no  fading  effects 


figure  4,8;  specie!  esses  for  two  path  propagation 
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Test  equipment 

.  o  word  generator- 

o  pseudo-noise  code 
o  length  215  -  1 

o  transmitter  (two  parts) 

o  frequency  61  GHz 
o  frequency- diversity  (40  Wz) 
o  ?SK-  or  FSK-atodulatlon 
o  power  2  x  100  «*  (110) 
o  titrate  0,125  -  6,0  Hbit/s 
o  antenna  gain 

o  omnidirectional  5  d8  (360  *  20°) 
o  horn  24  dB  (30  *  30°) 

o  receiver  (two  parts) 

o  variable  nf-bandwldth 
o  variable  (f-bandvfdth 
o  equal  gain  combining 
0  antennas  like  transmitter 

o  bit  error  measuring  equipment 
o  data  transfer  and  storage 

o  bit  error  rat*  at  2  frequencies 
o  received  powervnolse  at  2  frequencies 

figure  4,9:  test  equipment 
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DISCUSSION 


JSninkr 

Remark;  Differences  between  presented  results  of  asphalt  and  grass  will  be  explained  in  paper  22. 

Question: 

(1)  Have  corrections  for  antenna  gain  been  applied  as  a  function  of  distance  between  the  transmitter  and  receiver? 

(2)  Has  experimental  value  of  forward  reflection  coefficient  of  asphalt  been  used  in  theoretical  curve? 

Author’s  Reply 

(1)  Yes  see  f{a)  in  die  formula. 

(2)  The  theoredcai  curve  is  a  rough  approximation  with  the  reflection  coefficient  of  asphalt. 

AJvUace 

In  a  co-site  operation  how  would  you  cope  wi’h  the  EMC  problem  that  would  arise  when  fixed  and  FH  systems  operate 
simultaneously,  a  situation  which  is  likely  to  arise  in  the  short  and  medium  term? 

Author’s  Reply 

Problems  can  be  solved  by  adequate  frequency  planning  le.  a  bundle  of  frequencies  as  hop  set.  In  statistical  hopping 
there  is  always  a  “self  jamming”,  so  the  mode  of  hopping  should  be  used  carefully. 

iUloWruy 

Have  you  addressed  the  issue  of  how  to  keep  llte  costs  of  a  MM  wavc.tsmununkanofi  system  low  enough  to  make  it 
feasible  for  large  scale  wo  with  the  Army? 

Author’*  Reply 

A  possible  con  reduction  '*""111  be  passtbl*  by  integration  of  receiver  fnvtteiwl  iu  tiaAs  technology. 


E.Vilar 

Have  you  considered  adaptive  equalisation  uxtwiquer  io  combat  multipath  and  reduce  your  b  e  t. 

Author's  Reply 

Up  to  now.  we  have  no  results. 
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SPACE  -  DIVERSITY  EFFECTS  ON  LINE-OF-StGHT  PROPAGATION  PATHS 


H.-G.  Gild,  K.  Metzger  and  R.  Valentin 
Porschungtinstltut  der  Deutschen  Buqdespost 
6100  Darmnadt 
Fed,  Rep.  of  Germany 


, 


*-'T- 


Thlz  paper  discusses  the  effects  of  space-diyerslty  recerdlon  on'  the  petfwmance  of  analog  and  digital 
radio-relay  systems.  It  reviews,  the  existing  results  valid  for  analog  systems  end  describes  tome  single¬ 
frequency  moasurements  of  the  dependence  of  the  improvement  factor  on  the  vertical  antenna  separation. 

It  was  found  that  the  prediction  formula  proposed  by  fioenya  gives  a  good  approximation  to  the  mea- 
aurodjiependence,  ;  y 

The  effect  of  the  frequency-selectivity  of  the' fading  was  taken  into  account  for  a  performance  estimation 
of  digits]  radio  links..  Fading  events  measured  in  a  O-ilHn  bandwidth  at  P..5  ON*  with  3  antennas  spaced 
60  X  apart  were  described  with  an  'effective*  two-path  model.  Assuming  maximum-power  combining  of 
the  main  and  diversity  branches  .hepeuormsnce  of  140-Mblt/s  M-OAM  systems  (M  »  16,64,256)  were 
evaluated  *or  a  toil-off  factor  of  a^>  0.5.  Results  wore  obtained  lot  idealised  systems  (no  timing-  and 
carrier  phase  Jitter,  perfect  Nyqulst  flltvring  without  channel  distortion*)  optionally  equipped  with  an 
adaptive  transversal  equalizer  with  $  taps  adjusted  by  the  tero-forcins  algorithm.  A  substantial  improvement 
was  obtained  if  both  countermeasure*  were  applied  as  compared  to  the  esse  where  either  dlveiaity  or 
equalisation  was  used.  Furthermore,  the  Improvement  factor  was  reduced  If  the  modulation  schema  wa» 
changed  from  16  QAM  tc  64  end  256  QAM  keeping  the  transmitted  power  constant.  Thii  can  be  explained 
by  the  reduced  flat  fade  mgrcln  and  ineteasad  sensitivity  cf  the  higher-imsl  v.odulatlca  schemes  to 
frequency  selective  fading.  — j 

1,  INTRODUCTION  ^ 

The  pvttnrmenea  degradntlon  caused  by  propagation  effects  of  radio  teiay  systems  can  bo  significantly 
Improved  by  divsrsity  reeept'oru  A  drawback  It  however  involved  baesusw  of  Increased  expenses.  Additional 
frequency  baunds  (frequency  diversity)  snd  Installation  apace  fot  antennas  (space  diversity)  Is  also  needed. 

It  Is  therefore  desirable  to  hew  a  good  estimation  of  the  improvement  of  th*  tssnswilioicm  performance 


PM/KDM  rsdlo-telay  systems  which  are  well  documented  and  summarized  In  the  CC1R -liters, nte  /V.  For 
the  systems  with  divarsity  the  Improvement  1;  rnetniv  caused  by  an  Improvement  of  the  aignal-to-nol«e 
(S/N)  ratio.  Therefore,  it  It  sufficient  for  s  determination  of  outage  to  mcasuts  and  deaorlbe  the  it  stinted 
dtetituticn  of  the  received  power  level  at  c  sinnle  frequauoy  with  and  without  dlvwrdty.  The  improvement 
factor  I  defined  by 

<L  (A,  »  AJ 

t  »— ! — ! - 2_  (1) 

%  {Ad  »  V 

1*  then  u  measure  fot  the  Imptovemeni  in  outage  time  for  such  system*.  Q,  and  Q.,  tia  th#  probabilities 
that  the  attenuations  A  and  A,  exceed  a  given  threshold  A  without  and  «th  tSvJtdry,  respectively. 

Fot  high-capacity  digital  radio  Systems,  however,  the  tltuailon  is  more  complicated  because  the  outage 
It  dyodant  on  the  statistical  dUaibuiioct  of  iho  S/N  ratio  and  th#  extent  of  frequency  selectivity  of 
tii*  (thing.  ft  it  fot  this  reawi  that  also  can  ait,  cyctam  patSmetett  such  as  nwduJMloo  scheme,  usuu/r.lltvd 
bit  tate,  wii-ofi  factor,  equaiiiatlon  methods  ate.  veil!  have  a  significant  Influence.  The  aim  of  this 
«trttibutien  ii  therefore  to  show  how  ihla  problem  can  he  tackled.  Rvt  fltst  a  short  review  sad  a  rellot- 
a«*M  of  altaady  known  raaulti  for  analog  radio  system*  will  ba  presented, 


S,  01VSR3TV  WSRAYiON  (N  ANALOG  RADIO-RELAY  SVSfWMS 

Tha  d«iiairioa  of  the  dhrenfty  Impiweeaei  factor  which  U  Itiwreted  in  Fig.  t  can  further  he  evtiuated 
if  the  statistic*]  druibutkm  of  tha  racaivod  potter  level  is  known.  For  tlae-of«algbs  (LOS)  verbs  very 
efiw  a  Rayleigh  df«rfbta!cn  is  valid  with  a  slope  of  10  Af  decade  as  also  shown  It  Fig,  I.  Than  tha 
Joint -prehshiUty  daasity  feactlost  «f  tee  correlated  RsyWgh- Attributed  random  verUbtes  eta  he  aipteesud 
•Mytkafiy  zad  tha  ImptaNsaent  factor  rot  deep  fading  is  apptosieutaiy  given  by  tli 

1*K  tn 

1  "•  ’%*nm 

where  K  It  the  oorreUtkm  coefficient  of  tha  tsveised  power. 


FI*.  It  Probability  diatributlon  (or  *lnjle  reception  end  (elector  combining, 
x  worit-month  dlatrlburion  of  the  attetwatfor  measured  at  antenna  1 
.  o  feme  fot  antenna  2 

(dlaplaced  In  vertical  direction  by  4m  rotative  to  antenna  1) 

0  dlatnh’itlqn  for  dlvetaity  reception  with  (election  comblnlnt 


The  dependence  of  the  Improvement  on  the  attenuation  Ik  plottt '  In  Pig.  2  for  aonte  correlation  coeffi¬ 
cient!:  together  with  experimental  r  exult  a  for  a  mace  divertity  arrentement  Indicating  a  correlation  coefficient 
of  about  0.85  for  the  vertical  antenna  (pacing  of  4m  (6  1202).  > 


Pig.  2: 


improvement  factor  I  ventu  fade  depth  for  some 
correknkn  coefficient#. 


(  xi  experimental  taeulle  for  a  apace  dlvetaity 

arrangement  with 

dh  •  <  in  CM  20)'  teparation) 


An  Impcitvn  queer  ion  in  engineering  qmce  dlvetaity  equipment  It  Noe  Urge  the  antenna  »epet»tl«i  afcodd 
be  to  obtain  a  mrfilcieM  Improvement.  The  ordering  formula#  eta  aomerlroca  ctmttuKctoiy  aa  rvpiained 
lal#..  We  bate  therefore  carried  out  an  expariment  o»  a  LOS  path  where  14  receiving  wtetmaa  were 
•mooted  above  each  other  with  e  rpacing  of  1  m  cotreeptwieg  to.  about  M2  at  «  trenemteitm  frequency 
of  M  Crta.  rot  the  time  period  of  iMN!  the  improve  mew  factor  *ae  determined  from  the  weifwlcei 
dlairiWttan  of  the  ai  t*«uai  toa  a#  ill  urn  rated  in  Pig.  1  emd  the  eve  taped  cerieteiioa  coefficient  for  the 
different  wmm  MpetaiWM  were  obtained  min*  the  corvee  partly  drown  in  Pig.  2.  the  reeulta  were 
compered  with  the  veiea*  obtained  freer  the  COB  prediction  formula  ehleh  k  baaed  on  the  work  of 
Vtgneu  /*/.  Ae  turn  be  men  from  Pig.  J  the  tewlu  obtained  from  a  fit  to  the  Vigasta  formula 


(3) 


K-l-0.0014<4h/m)2 


remarkably  deviate  from  the  measured  results.  The  best  fit  to  our  results  was  obtained  with  an  expression 
proposed  by  Hoeoya  /2/r 

K  «  exp(-a(dh/m)8)  (4) 


with  «t«  0.089  and  8  -  1/2. 


Thus  the  experiments  indicate  that  the  existing  CCIR  prediction  method  has  to  be  used  with  caution  only 
for  a.  very  limited  range  of  antenna  separations. 


Fig.  3: 

Mean  value  x  and  standard  deviation  I  of  the 
correlation  coefficient  of  two  vertical 
separated  space  diversity  antennas  versus 
spacing  dh. 

(solid  line,  best  fit  to  eq.  4 
dashed  line:  best  fit  to  eq.  3.) 


3.  DIVERSITY  OPERATION  IN  DIGITAL  RADIO-RBLAY  SYSTEMS. 


For  high-capacity  digital  radio-relay  systems  the  S/N-ratlo  and  the  frequency  selectivity  of  the  fading 
have  to  be  known  for  determining  troth  the  system  performance  and  the  diverairy  Improvement  defined  by 

Q.  (BBR.  >  BER1 

I  .  _! - » - £_  (5) 

Qd  (BER^  >  BERe) 

where  Q,  and  Q.  are  the  probabilities  that  the  system  exceeds  *  given  Bfift-threehold  ESR  without  and 
with  divertlty,  ifepectlvwly.  This  Improvement  now  depends  on  several  parameters 

a)  transfer  functions  Hj  j(f)  of  the  ptopegstion  channels  of  the  two  diversity  blanches. 

b)  the  combining  strategy  for  the  two  diversity  signals 

0)  system  parameters  such  s s  bit  rale,  modular  ion  scheme,  roll-off  factor  «  and  type  of  equallmt. 

It  it  therefore  difficult  or  Impossible  to  find  a  g  soars!  a  sprats!  on  for  a  diversity  Improve  maw.  Therefore 
an  approach  was  developed  cnetlittag  of 

L  propagation  experiments  conducted  to  measure  the  transfer  functions  of  a  space  diversity  arrangement, 

tt.  modeling  of  the  tsdko  system  so  that  the  system  performance  based  on  the  actually  measured  fading 
events  could  be  calculated  by  a  computer. 


».i  Hi  OF  AG  ATI  ON  fkftWMINT 

The  date  bane  of  measured  fading  emeu  was  obtained  on  a  53-trim  propagation  path  (Fig.  4)  In  autumn  *5. 
The  amplitude  and  group  daisy  nip  mil  of  the  chiasmi  were  measured  In  a  43  MHs  bandwidth  at  9.3  Glia 
for  the  main  ant  sans  by  mean*  of  a  Wanes!  *  GNteimamt  fink  eaaiywr.  Stnurltanewniy  the  amplitude 
dUpentaa  st  n  tUsoHity  aatenmn  was  recorded  and  stored.  Another  diversity  anteswa  could  be  ejected  by 
t  pita-died*  switch  so  that  during  consecutive  sweeps  two  different  diversify  configurations  can  be  mensuied 
quasi-d  mehaJMovely  u  shown  In  Ftg.  5.  (In  mem  of  the  cease  the  propagation  conditions  did  ism  cheap* 
eery  much  If  n  tvwp  rain  of  20  Ha  was  applied). 
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Fig.  6  show*  an  example  of  measured  amplitude  responses  for  throe  antennas  mounted  above  each  other 
with  60  X  spacing.  The  parameters  of  the  effective  two-path  model  /4/  were  then  fitted  to  the  amplitude 
and  group-delay  dispersions: 

Hj(f)— «j|l-bj  exp  (  -2 1  J(f-fot)  f ,)}  !  1-1, 2, 3  («) 

so  that  finally  a  *st  of  parameters  (or  transfer  functions)  was  available  describing  the  measured  fading 
events. 


3.2  CALCULATION  OF  SYSTEM  PERFORMANCE 

The  calculations  of  the  degradations  were  performed  on  M-QAM  systems  being  now  Introduced  In  many 
radio-relay  networks.  It  was  first  assumed  that  the  combiner  adds  up  the  two  diversity  signals  so  that 
maximum  power  is  obtained  at  the  output  III.  This  means  that  the  phase  fi  in  the  diversity  branch  Is 
continuously  adjusted  such  that  the  expression 


(7) 


Is  maximized.  The  Integration  In  eq.  (7)  has  to  be  performed  over  the  channel  bandwidth  B  where  H^tf)  is 
given  by 


Hd(f)  •  ~  («!«)  +  H2(f)*ty 


(8) 


The  symbol-error  rate  was  calculated  for  Id  QAM,  64  QAM  and  256  QAM  having  a  bit  rate  of  140  Mbit/s. 
For  this  purpose  first  the  relevant  parts  of  the  system  have  to  be  modeled:  the  carrier  recovery  circuit 
was  assumed  to  make  use  of  the  remodulstlon  scheme.  As  outlined  In  Ref  161,  this  means  that  the  imaginary 
part  of  the  distorted  impulse  response  of  the  system  at  the  sampling  point  is  seto,  thus  taducing  the 
ctoas-channe!  interference.  The  modeled  tlming-recovety  circuit  consists  of  a  non-linear  device  to  that  a 
spectral  line  at  the  timing  frequency  can  be  substtacted  from  the  IF  by  subsequent  bandpass  filtering. 

The  expressions  for  carrier  phase  and  timing  offset  due  to  channel  distortions  were  derived  end  published 
In  Refs.  /6,7/. 


If  carrier-phase  and  timing  offset  t  are  known  the  sample  of  the  Impulse  response  at  times  nT  ♦  t 
(Tt  symbol  duration)  can  be  calculated  assuming  perftct  Nyquist  filtering  for  periods  without  fading.  Then 
the  symbol-error  probability  jUi  the  presence  of  both  IS!  and  Gaussian  noise  can  be  obtained  in  principle 
by  taking  into  account  the  2  different  symbol  sequence*.  This  direct  method  however  la  not  applicable 
foi  high-level  modulation  eohemaa  because  of  the  excessive  computational  affort  required.  Therefore,  a 
novel  algorithm  was  applied  which  calculates  the  probability  density  function  (pdf)  of  the  IS)  g(x)  directly 
by  the  use  of  a  recursion  formula.  W  the  pdf  of  fSf  a(x)  Is  known,  the  probability  P  that  the  rsndom 
variable  a  -  *  *  n  (ru  GaussUn  noise  with  variance  O  exceeds  a  given  threshold  r  can  easily  be  computed 
from  ° 


♦  00 

v?  /  •ctH*rrh 


Pot  M-QAM  modulation  scheme*  the  symbol -er tot  probability  is  then  given  by 

v*r  - 1 

p  »  4  - — —  » 

'  \AT  • 


W 


do) 


Pot  ill  the  fading  events  collected  In  autumn  1785  the  error  probabilities  of  Id,  64  and  256  QAM  systems 
Ware  calculated  tot  single  end  diversity  reception  following  the  shove  procedure.  For  single  reception  the 
S./N  ratio  (Bxi  energy  pit  bit,  Nor  one -aided  noise  power  density)  was  emumtd  to  be  40  dS  and 
So  <Sd  under  noa .lading  conditions  giving  flat  fade  margin*  of  about  24  dS  or  M  68  for  Id  QAM.  If  the 
ratio  Is  constant  this  maana  that  the  tranamitted  power  Is  const  ant  for  the  different  modulation 


Fig.  7  shows  as  sit  example  th*  taaulls  tot  a  Id  QAM  systsm  calculated  for  the  channel  condiilone  obearved 
at  a  *p*c«  diversity  attattgesaeas  with  dh  «  JmidftL  The  UsprovatneM  facto*  Is  2,1. 

to  Fig.  t  the  Improvement  factor  U  plotted  for  differ**  configure! kra.  ft  may  be  noted  Ihu  within  the 
limited  tat  own!  of  (aMatlgarad  fading  menu  no  statistically  significant  increase  of  the  I  tap  rove  mam  facto* 
was  obtained  It  the  intsani  ipeciag  was  ehaagad  from  Jm  {  to x)  to  4m  <12020- 


improvement  factor  I 


0  10  20  30  40  V.  50 

probability  that  srror  rate  exceeds 
ordinals  value 


o  -e  -4  -a  -a  -io 

10  10  10  10  10  10 

symbol -error  rate 


Fit.  7ar  Symbol-error  rate  of  a  16  QAM  system  versus  percentage  of  observed  channel  conditions  during 
which  ordinate  value  Is  exceeded.  ( 140  Mblt/sj  a  •  0.5  ,  10  Ig  Ej)/Nq  «  50  dB) 

Fig.  7b:  Improvement  factor  versus  symbol-error  rate  for  space  diversity  reception  with  in  antenna  spacing 
of  dh  •  2  rat  60A  . 


Fig.  8: 

Improvement  factor  1  for  different 

antenna  configurations 

<140  UhH/ej  16  QAMi  K  -  0.5) 


The  effect  of  baseband  erptalUatlon  tea  also  Ineotpottted  brawt  It  mu  expected  that  the  combination 
ef  both  methods  would  yield  the  maximum  effect.  One  of  the  ben  erpaltistlon  principle*  Is  based  on  a 
linear  tap -delay  line  filter  wheat  tap  gala*  as*  adaptively  adjusted  *o  that  aeroe  of  the  latpuUs  rwpotwe 
can  be  forced  at  timing  tnmaMs  lit  (k  •  ♦  1^  ♦  N),  ie.  If  th*  number  of  tape  Is  IN  *  1  than  N 
aeroe  art  forced  at  th*  p recurve rt  and  N  taros  at'the  poetcarsoca.  That  arwt  tkat  th*  overall  Impulse 
tesponee  WO  has  to  b*  modified  to 
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where  the  a^'s  ere  the  complex  tap  gain*  which  are  adjusted  to  setlafy 

W'*  +  “  {o  <or  k  ^  N  (12) 

L 

with  t(  denoting  the  templing  instant  and  4*  the  Kronecker  tymbol. 

The  oymbol-error  rate  can  again  be  calculated  with  this  modified  Impulse  response  using  the  above  procedure. 
An  equaliser  with  5  tap*  (N.2)  was  assumed  and  the  results  of  the  calculation  are  summarised  In  Table  1. 

Table  1:  Improvement  factor  for  space  diversity  reception  with  Ah  •  60k,  10  lg  Eb/NQ  •  40dB 
for  symbol-error  rate  10"® 


improvement 

modulation  scheme 

for 

16  QAM 

$4  QAM 

256  QAM 

single  reception 

8.9 

6.7 

3.7 

with  •qualiztr 

i 

diversity 

without  equaliser 

2.9 

1.6 

U 

with  equaliser 

71.5 

21.4 

10.1 

relative  to  single  reception  without  equaliser 


diversity 

with  equaliser 

8.0 

3J 

2.8 

relative  to  single  reception  with  equaliser 


it  may  be  noticed  that  for  a  vertical  apace  diversity  arrangement  tloo*  the  improvement  it  rather  small. 
Only  the  additionly  introduced  equaliser  in  connection  with  dlvetaity  gives  the  desired  result*.  Furthermore, 
for  256  QAM  these  countermtarirte  ate  not  so  efficient.  This  car  he  axpiainad  by  the  feet  that  we 
assumed  constant  transmitter  power  in  ill  three  case*  so  that  the  fist  led*  margin  for  !S6  QAM  Is  by 
9.5  dft  (mailer  than  for  16  QAM.  in  the  observed  fading  events  the  dispersion  was  always  associated  with 
•  superimposed  flat  depression  at  all  (niton**.  Then  the  eouailter  Is  unable  to  do  anything  and  the  diversity 
reception  can  counteract  the  increased  influence  of  therm*)  noise  only  to  a  limited  extent.  Combined 
with  the  increased  sensitivity  to  dUpersion  this  explains  the  moderate  improvement. 
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DISCUSSION 


LBoithias 

La  decorrelation  entre  deux  frequences  a  deux  aspects: 

{1)  Si  ces  deux  frequences  sont  dcs  porteuses,  on  a  un  effet  de  diversity  de  frequence 

(2)  Si  ces  deux  frequences  appartieiment  au  meme  signal  &  large  hande  on  a  un  effet  d’evanouissement  sdiectif.  Avez- 
vous  etudie  ee  double  aspect  de  la  relation  entre  la  divcrsite  de  frequence  et  ces  evanouissements  seicctifs? 

Author's  Reply 

This  is  an  interesting  question. 

We  have  not  studied  these  two  aspects  because  our  measurements  were  performed  only  in  a  medium  bandwidth 
(typical  for  high  bitrate  radio  relay  systems).  So  experimental  results  were  only  available  for  the  effect  of  frequency 
selectivity. 


A.NJHC* 

All  radio  channels,  regardless  of  whether  they  carry  analog  or  digital  signals,  are  characterized  in  general  by  S/N  and 
frequency  selectivity.  As  we  know  the  latter  gives  rise  to  intersymbo!  interference  in  digital  systems  whereas  in  analog 
systems  it  produces  intcrmodulation.  Diversity  improves  not  only  the  signal  amplitude  but  also  the  distortion  1M  and 
intersymbo!  interference  (this  is  a  partial  answer  to  the  previous  question  asked  by  Dr  Olsen).  Have  you  been  able  to 
separate  these  two  effects? 

Author’s  Reply 

We  used  the  transfer  functions  of  the  radio  channel  measured  in  our  propagation  experiment.  Then  we  are  able  to 
calculate  the  diversity  improvement  for  digital  systems  considering  both  the  thermal  noise  anti  the  intersymbo! 
interference.  We  made  no  effort  to  separate  the  two  effects  because  for  outage  calculations  they  have  to  be  considered 
simultaneously. 
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SUMMARY 


Copyright  <c)  Controller  HMSO,  London  1986 


This  paper  reviews  some  of  the  published  work  on  antenna  height  gain  and  highlights 
limitations  of  the  currently  available  information.  Comparison  la  then  made  with  the 
results  of  height  gain  experiments  undertaken  in  South  East  Bngltnd  at  frequencies  of 
approximately  95  MRS  and  2QQ  HHi.  The  variation  of  height  gain  is  investigated,  as  is 
a  relationship  between  height  gain  and  the  location  variability  of  received  field 
atrength  within  a  given  environmental  area.,, 


-  Experiments  performed  at  about  95  MBs  used  vertical  polarisation  and  path  lengths 
varying  from  about  25  km  to  about  105  km.  These  paths  were  prsdominantly  over  land  and 
were  all  obecured.  The  antenna  employed  was  omnidirectional,  and  measurements  were 
taken  at  many  locationa  within  each  predetermined  area  at  heights  above  local  ground 
from  7  «  to  30  m.  Soma  measurements  were  also  made  on  eloping  around  to  give  effective 
heights  of  up  to  60  m.  The  renult*  arc  compared  with  soma  earlier  measurements  made  at 
about  200  MBs  over  similar  paths  using  a  directional  antenna  at  heights  from  1  •  to 
10  m  above  local  ground.  ^ _ _ —  y 

Further  experiments  at  about  95  MRS  used  horisontal  polarisation  and  path  lengths  of 
about  200  km  which  w era  predominantly  over  the  sea.  In  this  cate  a  directional  antenna 
was  deployed  et  heights  from  7  a  to  20  «  above  local  ground.  Bines  the  received  signal 
was  fading,  a  simultaneous  recording  was  made  at  each  measurement  location  using  a 
second  antenna  at  a  nominal  10  m  above  local  ground,  Height  gain  was  derived  from  the 
difference  between  recording*  from  the  two  antennas. 


It  la  suggested  that  within  the  range  Investigated  height  gain  may  be  represented  *• 
*n*d#  for  each  doubling  of  antenna  height.  The  value  of  *n*  varies  with  the  local 
environment  at  the  receiving  alee, 

1  leYROOtCTlOM 


Height  gain  it  the  term  commonly  used  to  describe  variation  of  field  strength  with 
height.  It  may  retar  to  the  height  of  either  the  transmitting  or  the  receiving  antenna 
and  l*  usually  expressed  as  a  gain  <Jn  da.)  between  two  specific  height#. 

For  unobstructed  propagation  paths,  characterised  by  a  flat  or  spherical  earth  profile, 
height  gain  may  be  readily  determined  by  eatabllihed  theoretical  method*. 

For  obstructed  paths  however,  obecured  by  terrain,  buildings .  end  vegetation,  height 

tain  le  generally  derived  empirically  and  it  is  for  these  case*  that  difficulties  arts* 
n  it*  measurement  and  assessment. 

In  the  plmnning  of  radio  sarvl.ee*  in  the  vHF  band,  antenna  height  gain  (transmitting 
and  receiving)  play*  a  sign IE  leant  role  in  the  evaluation  of  received  field  atrength, 
both  for  the  vented  and  Interfering  signal.  A  limited  amount  of  Haight  gain  data  for 
obstructed  petha  le  avellabie,  for  trample  in  teres  of  the  CCiR.  this  information 
generally  applies  only  to  the  receiving  antenna  and  value*  are  given  for  particular 
antenna  height*  (often  only  two)  as  *  function  of  frequency  bend,  with  perhap*  some 
allowance  for  path  length  end  environment  type.  The  height  gain  data  usually  refer  to 
antenna  height*  only  for  which  available  field  strength  prediction  methods  apply, 
eg  19  a  for  prediction  method*  for  broadcasting  services,  3  a  for  mobile  service*. 
Thar*  Is  nevarthalesa  a  requirement  for  height  gain  data  to  ralat*  to  other  antenna 
heights  In  order  to  extend  the  application  of  prediction  method*  over  *  greater  rang* 
of  Mights  than  hitherto,  la  addition,  the  data  need  to  be  sufficiently  extensive  so 
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as  to  reflect  the  Influence  of  other  propagation  factors.  Height  gain  cannot  be 
considered  in  isolation  and  ar.  appreciation  of  its  relationship  with  other  variables 
may  lead  to  improvements  in  its  measurement  and  in  turn  the  accuracy  of  prediction 
methods  in  which  the  data  are  used.  Principal  amongst  the  factors  to  be  considered  are 
the  environment  local  to  the  receiving  antenna  and  the  spatial  variation  of  height  gain 
within  a  specific  area. 

i )  Variation  with  environment  category 

At  distances  beyond  the  horizon,  height  gain  depends  on  the  nature  of  the  obstructions 
in  the  immediate  vicinity  of  the  receiving  antenna  and  by  inference,  on  the  type  of 
environment  in  which  it  is  located.  In  a  city,  for  example,  multipath  propagation 
would  likely  be  the  dominant  mechanism  and  in  some  locations,  it  might  be  possible  for 
two  ’spot*  locations  of  the  antenna  to  reveal  zero  or  even  negative  height  gain.  By 
contrast,  height  gain  in  the  rural  environment  might  be  expected  to  show  far  leas 
variability,  with  the  dominant  propagation  mode  most  likely  being  diffraction  from 
nearby  terrain  irregularities. 

in  consequence,  it  is  essential  to  ensure  that  an  adequate  distinction  ia  made  between 
categories  of  environment  when  measuring  and  presenting  height  gain  data. 

it )  Association  with  location  variability 

Height  gain  data  not  only  need  to  be  related  to  an  environment  category,  but  also 
require  some  degree  of  statistical  averaging  within  the  spatial  area  of  interest.  A 
possible  method  would  bo  to  acquiro  location  variability  distributions  of  received 
field  strength  using  different  heights  of  receiving  antenna,  as  depicted  in  Figure  1. 
Oifferencea  between  the  distributions  for  gLven  percentage*  of  locations,  correspond  to 
values  of  height  gain  for  the  two  antenna  heights  in  question.  The  figure  demonstrates 
that  with  hi  >  hi,  the  distribution  for  the  lower  antenna  height  exhibits  the  eteeper 
slope,  as  may  perhaps  be  expected,  due  to  the  greater  inf  uevce  of  local  obstructions 
on  the  propagation  paths.  Consequently,  height  gain  is  itself  a  function  of  the 
percentage  of  locations.  Presentations  such  as  that  shown  in  Figure  l  may  therefore 
serve  to  express  jointly  location  variability  and  height  gain,  both  relating  to  one 
particular  type  of  environment.  However  in  order  to  present  height  gain  as  a  function 
of  some  parameter  other  than  location  it  is  convenient  to  use  the  median  ISOS)  location 
value  la  that  value  of  signal  strength  exceeded  at  SO*  of  location*  within  a  given 
area . 


Thn  Close  association  b*t“e«n  location  variability  and  height  gain  can  be  further 
Illustrated  In  an  exaxiple  by  considering  the  variation  of  received  field  strength  in  a 
town  by  moving  the  antenna  from  a  height  of  10  »  to  10  m.  The  effect  would  be  to 
remove  many  of  the  local  obstructions  l building# I  from  the  propagation  path  which  in 
♦  urn,  could  be  likened  to  moving  the  antenna  to  a  ‘good*  site  from  a  median  or  poor 
site,  la  varying  ths  loration  percentage  associated  with  the  receiving  antenna. 

Height  gain  data  should  reflect  also  any  dependency  on  path  length.  A*  described  in 
section  1,1  in  connection  with  height  gain  Information  provided  by  the  eeix,  there  la 
uncertainty  as  to  whether  such  a  dependency  exists.  Additionally,  a  variation  with 
frequency  might  be  expected,  inter-related  with  the  influence  of  obstructions  on  the 
path  and  in  particular  those  local  to  the  receiving  antenna.  Oifferencea  revealed  in 
the  fading  patterns  of  vertically  and  horizontally  polarised  signal*  would  further 
suggest  that  height  gain  data  should  be  referred  to  on*  or  other  polarisation  state. 

TO  supplement  existing  data,  three  set#  of  height  gain  measurements  are  presented  in 
this  paper  and,  within  the  limitations  of  the  data,  'Uc rased  in  the  light  of  the 
comments  expressed  above.  Firstly  though,  a  description  is  given  of  currently 
available  information  and  of  its  limitation*. 

1.1  tiu,  rsbirmomi  coma  a*  r  mtoxt  or  m« 

In  !ttt  the  bell  Telephone  Company  produced  a  set  of  propagation  curves  for  estimating 
received  field  strength  for  communication  between  aircraft  «od  ground  station*, 
including  the  cases  where  both  terminal*  were  either  citherns  or  on  the  ground.  The 
asrlea  of  curve*  covers  frequencies  from  *00  kfu  te  too  HH* ,  vertical  and  horizontal 
polarisation,  antenna  heights  up  to  1*000  m,  and  path  length*  op  to  K00  km  over  two 
types  of  soil  and  aea  water.  A  smooth  spherical  earth  of  */J  true  radius  in  assumed 
for  the  transition  between  line  of  eight  and  obscured  path*.  Provision  i*  also  made 
for  diffraction  lows  over  hills  using  *  graphics!  method.  There  t*  seme  limited 
information  on  effective  height  and  on  the  effect#  of  local  vegetation!  buildings  are 
only  mentioned  as  acting  a*  possible  reflector*  of  the  incoming  signal. 

Haight  gain  curve*  have  been  derived  from  this  report  for  the  case*'  currently 
investigated,  t«i<- 


Vertlcal  polarisation 
Vertical  polarisation 
Horizontal  polarisation 


tend  path 
Uni  path 
8a*  path 


200  MHz 
100  mils 
ioo  wit 


Pur  antenna  heights  above  $  ■  all  these  cum*  show  the  classical  gain  of  t  da  for 
doubling  the  antenna  height. 
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1.2  R SC  EXT  OK  WORK 

Certain  United  Kingdom  mobile  services  employ  frequencies  of  about  100  MHz,  vertically 
polarised,  in  the  planning  of  these  services  the  need  arose  to  quantify  the  potential 
Interference  from  European  PM  broadcast  transmission#  sharing  the  same  frequency  band 
although  with  horisontal  polarisation.  To  this  end  a  series  of  measurements  of  field 
strength  as  received  by  a  horisontally  polarised  antenna  has  been  undertaken  for 
several  years  at  various  locations  in  South  East  England.  The  receiving  antennas  are 
all  at  the  standard  height  of  10  m,  but  at  one  receiving  site  located  in  the  rural 
environment  of  Southminster  some  measurements  were  also  taken  at  3  m.  A  comparison  of 
the  data  for  the  two  antenna  heights  of  3  m  and  10  m  gives  a  mean  height  gain  of  11  dB, 
equivalent  to  6.4  dB  per  doubling  of  antenna  height,  for  this  rural  location. 


1.3  CC1K  IHF0SMAT10H 

Certain  information  on  height  gain  appears  in  texts  of  the  CC1R  in  association  with 
field  etrength  prediction  methods.  A  well  established  and  widely  used  prediction 
method  for  use  at  VHP  is  that  given  by  CC1R  Recommendation  370  which  la  primarily 
intended  for  the  estimation  of  coverage  areas  of  broadcasting  stations.  The  method 
comprises  sets  of  curves  of  field  strength  at  a  function  of  distance  for  various 
'effective*  transmitting  antenna  heights.  Sots  of  curves  sre  provided  for  different 
percentages  of  time  and  a  distinction  is  drawn  between  pt ^pagatton  paths  over  land  and 
over  sea.  The  curvet  represent  values  of  field  strength  exceeded  at  SO  per  cent  of 
locations,  adjusted  for  an  erp  of  1  kw  and  corresponding  to  a  receiving  antenna  height 
of  10  m  above  local  ground,  figure  2  show  an  example  for  propagation  paths  over  land 
tor  SO  per  cant  of  the  time. 

In  a  discussion  of  height  gain  data  associated  with  prediction  methods  such  as  that 
found  in  Recommenditlon  370,  it  ie  Important  to  note  the  difference  between  the 
definitions  of  transmitting  and  receiving  antenna  height.  Transmitting  antenna  height 
is  an  'effective*  height,  defined  as  the  height  over  the  average  level  of  the  ground 
between  distances  or  1  and  IS  k»  from  the  transmitter  in  the  direction  of  the  receiver. 
On  the  other  hand,  receiving  antenna  height  is  defined  simply  aa  the  height  over  local 
terrain. 

Values  of  height  gain  relating  to  different  transmitting  antenna  height*  may  be 
obtained  by  inapactlon  of  the  field  strength  curves  given  in  ftecoawendatton  370, 
thereby  providing  a  simple  method  of  deriving  height  gain  data  for  antennas  above 
37.J  ie.  However,  because  of  the  different  definitions  of  transmitting  and  receiving 
antenna  height,  height  gain  data  derived  in  this  way  would  strietly  apply  only  to 
changes  in  'effective*  height  and  thus,  in  general,  to  transmitting  antennas. 

ecu  Recommendation  J70  also  provides  data  on  height  gain  applicable  to  receiving 
antennas.  The  data  are  expressed  as  the  reduction  in  field  strength  that  may  be 
expected  by  changing  the  receiving  antenna  height  from  10  to  3  *  above  ground,  and  the 
values  ate  presented  according  to  the  VttP  broadcast  bands  1,  H  and  til  aa  follows, 

hand  1  tal-4*  HSsl  and  Sand  U  »47. 5-104  Httsli  a  reduction  of  »  de  In  hilly  or  flat 
terrain  (or  both  urban  and  rural  areas* 

Sand  tit  1  162-239  WUit  a  reduction  of  7  dtt  for  flat  terrain  in  rural  areas  and  11  dtt 
for  urban  or  hilly  terrain. 

these  values  apply  for  distances  up  to  40  km.  tor  distances  in  excess  of  100  km  the 
values  should  be  halved,  with  linear  Interpolation  for  intermediate  distances. 

the  receiving  antenna  height*  of  10  and  3  m  sr«  traditionally  accepted  as  appropriate 
for  th*  pUnnthg  of  bi-oa  deant  and  mobile  services  respectively.  Accordingly, 
propagation  curves  for  use  by  the  x'Wlt  services  at  Vftr  have  been  derived  from  those 
of  ssctMWssndatlcii  370  by  the  direct  'plication  of  th«  above  height  gain  data,  the 
curves  sre  presented  Irt  cetft  Report  5*7,  of  which  an  exaupie  appears  at  figure  3.  th» 
curves  for  transmitting  antenna  heights  ef  20  and  id  a  sre  additional  to  those  found  in 
Recommendation  370  and  wars  derived  from  the  curve  for  37.6  »  by  the  application  of 
theoretically  derived  distance  dependent  height  gain  correction  factors. 

The  ecu  height  gain  data  tor  receiving  antenna#  quoted  above  indicate  a  distance 
dependence  sutb  that  the  values  tin  dm  for  propagation  path  length*  over  100  km  are 
bait  of  those  for  path  lengths  less  than  to  k«.  with  linear  interpolation  in  between, 
according  to  studies  refer*?  *4  in  CCiK  teats,  the  experimental  evidence  supporting 
this  behaviour  appear#  rather  week  and  some  measurements  have  been  repotted  which 
indicate  that  no  each  relationship  exists,  the  basic  curves  in  Recommendation  370  end 
« sport  547  die  however  Indicate  some  distance  dependence  in  that  they  converge  with 
distance  but  It  must  be  borne  in  mind  that  height  gain  indicated  by  the  curves  relates 
td  effective  transmitting  antenna  heights  situ  that  a  similar  distance  dependence  may 
not  be  revealed  it,  the  case  of  receiving  antenna  heights. 

A  mechanism  to  espial*  s  distance  dependence  of  height  gain  must  be  a  matter  for 
conjecture  snd  any  evidence  of  such  a  relationship  may  arise  from  th*  influence  of 
other  factor*  such  as  the  type  of  path  and  the  environment  local  to  the  receiving 
antenna . 
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2  RECENT  MEASUREMENTS 

The  preceding  sections  Indicate  that  the  current  information  on  height  gain  is  very 
limited.  in  many  previous  caseo  a  set  of  data  has  been  collected  to  solve  a  specific 
problem,  and  such  results  are  almost  always  quoted  as  a  gain,  or  loss,  between  the  tvo 
specific  antenna  heights  applicable  to  that  problem.  This  paper  aims  to  present  the 
first  results  of  a  systematic  study  into  height  gain  starting  with  frequencies  around 
100  MBs  and  200  MHn  and  applying  to  typical  obscured  paths.  A  study  of  the 
bibliography  will  show  very  little  information  appertaining  to  the  above  parameters. 
Present  knowledge  is  bast  summarised  by  the  C.C.i.R.  information  (51.3).  There  is  no 
indication  if  such  results  can  be  interpolated  or  extrapolated  within  specified  limits 
or  at  all. 

The  following  sections  describe  work  that  has  been  done  to  augment  current  knowledge  on 
height  gain  and  to  extend  the  range  of  its  applicability.  The  work  should  be  of  value 
to  mobile  services  using  these  frequencies  where  it  is  Ukely  that  some  of  the  base 
station  antennas  will  be  Installed  at  the  heights  currently  studied.  The  work  was 
planned  to  include  a  range  of  common  environment  categories  and  topography. 

The  three  series  of  measurement*  are  described  in  the  following  subsectionst 

2.1  19*3  SURVEY  IN  S  E  BNSLAND 

Height  gain  tests  v>  re  carried  out  in  1983  in  S  B  England  using  transmissions  from  the 
Channel  9  transmitter  at  Croydon.  The  frequency  monitored  was  the  sound  channel. 
191.25  MHs,  and  the  radiated  power  was  about  22  kW.  The  transmission  was  vertically 
polarised.  Seven  regions  within  south  east  England  were  selected  for  the  measurements, 
including  urban,  suburban  and  rural  types  of  environment.  The  criteria  for  selecting 
measurement  locations  were  that  they  should  be  25  kn  from  the  transmitting  site  and 
that  the  radio  path  should  be  obstructed.  In  fact  all  paths  showed  attenuations  of 
>  30  db  compared  with  the  field  strength  that 'would  have  been  predicted  for  a  line  of 
site  path.  in  order  to  assess  the  -location  variability  of  height  gain  up  to  100 
measurements  per  square  kilometre  were  made  in  each  area  12  km  xl  km)  surveyed.  Within 
each  region  measurements  of  received  field  strength  were  made  at  spot  locations  based 
on  a  ) 00  m  grid  using  antenna  heights  of  ),  5,  7  end  10  m  above  local  ground.  in  this 
way  a  location  variability  distribution  of  the  received  field  strength  could  be 
determined  for  each  antenna  height,  and  the  results  displayed  as  depicted  theoretically 
lh  figure  l.  in  some  cases  it  wan  not  physically  possible  to  take  measurements  in 
every  square  of  the  100  »  grid,  the  table  below  summarises  tlw  number  of  measurements 
actually  taken  in  each  -eglon. 


Location 

Environment 

category 

Distance 
from  T* 

ah 

Total  number 
of  musurowma 

Reading 

Urban 

SI  km 

«4  m 

77 

Niths« 

Suburban 

*5  k» 

t> 

137 

Crpwt horns 

Suburban 

4?  km 

32  e 

100 

Barlow 

Suburban 

43  K* 

*5  m 

n» 

Chelmsford 

Suburban 

51  k* 

n  *i 

109 

Easters 

Butal 

33  km 

91  » 

3d 

Hannlngf ield 

Rural 

40  km 

83  m 

50 

The  CCiR.  usna  a  h  as  a  statistical  parameter  which  character! ees  the  variations  in 
ground  height  along  part  or  all  of  a  propagation  path,  in  the  case  of  broad, asting  and 
for  this  study  St  Is  taken  a*  the  Interd-ecUs  range  of  heights  along  the  path  between. 
19  km  and  30  km  from  the  transmitter. 

the  total  number  of  measurements  in  each  environment  category  warn- 


drtsn 

77 

Suburban 

494 

Sural 

too 

figures  4  t«  (  show  families  ef  location  variability  curves  for  urban,  suburban  and 
rural  regions,  respectively.  Tor  each  antenna  height  a  curve  has  brush  drawn  showing 
the  percentage  af  locations  for  which  the  signal  strength  exceeds  the  ordinate.  Thus 
etch  curve  shows  the  location  variability  for  •  patttcular  antenna  heigh*  and  as  the 
curve*  are  plotted  on  «  probability  scale  any  difference  from  a  norcal  distribution  ir 
shown  by  the  deviation  from  «  straight  line,  fit r  a  given  percentage  of  locations  the 
difference  between  curves  corresponding  to  particular  antenna  height*  gives  the  height 
gain  not  exceeded  for  that  same  percentage  of  location*.  Each  family  of  corves  has 
bean  normalised  to  0  d»  at  So  m  above  ground  level  for  a  median  !S0t>  location,  it  is 
golte  evident  from  all  throe  figures  that  the  height  gain  at  low  signal  strength  is 
greater  than  for  high  signal  strength,  the  slopes  of  the  individual  distributions 
dscf saslag  with  increasing  ant sen*  height.  This  is  in  direct  agreement  with  the 
supposition  depicted  in  figure  1  indicating  increasing  variability  of  the  received 
signal  with  decreasing  antenna  height. 

To  summarise  these  results  in  term*  of  the  received  signal  strength  for  a  median 
location  in  each  navi room  sat  category*  the  height  gains  from  3  «  to  Id  n  were  found  to 

bai- 
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Urban  11,5  dB 
Suburban  12.0  dB 
Rural  10.0  dB 

These  results  are  within  2  dB  of  CCXR  predictions  or  of  gaining  6  dB  for  a  doubling  of 
the  antenna  height.  However  the  rural  figure  was  somewhat  higher  than  had  been 
expected.  From  previous  studies  a  figure  of  between  6  and  7.5  dB  had  been  measured  but 
it  was  noted  that  in  the  1983  tests  discussed  here  there  were  frequently  trees  and  tall 
hedgerows  near  the  measurement  locations  whereas  in  the  earlier  tests  only  carefully 
selected  open  sites  had  been  used.  Therefore  the  height  gain  figure  could  be  lower  in 
other  parts  of  the  country  with  different  agricultural  practices. 

2.2  1905  SURVEY  IN  ESSEX 


Following  the  1983  survey  it  was  decided  to  collect  further  data  using  a  range  of 
antenna  heights  above  the  10  m  maximum  of  1983.  One  objective  was  to  obtain  results 
with  the  receiving  antenna  raised  above  the  local  clutter  and  to  consider  an 
interpretation  of  the  results  in  terms  of  effective  antenna  height  as  well  as  actual 
antenna  height. 

The  measurements  were  obtained  from  monitoring  transmissions  in  the  band  from  87.5  MHz 
to  100  MHt  with  obstructed  paths  ranging  in  distance  from  29  km  to  109  km. 
Measurements  were  made  at  the  following  heights:  7,  10,  12,  14,  16,  18,  20  m  above 
local  ground  and  some  additional  ones  at  22,  24,  26  and  28  m  at  selected  locations  in 
Chelmsford.  The  four  measurement  areas  are  listed  in  the  following  table 


Site  Name 


Terrain  Type 


Environment  Category 


Ilford  Flat 

Chelmsford  Flat 

Westcliff  Sloping 

Althorne  Sloping 


Urban 

Urban/Suburban 

Suburban 

Rural 


Various  transmitting  stations  were  used  such  that  in  each  area  three  separate 
transmission  paths  were  monitored.  However  care  was  taken  in  choosing  the  paths  to 
ensure  that  all  were  obstructed.  (See  figure  7). 


A  summary 

of 

the  height 

gain 

results  referred 

to  actual 

antenna  height  for  50% 

locations 

ia  as  follows: 

Ilford 

Chelmsford 

Westcliff 

Althorne 

7 

m  to  10  m 

2.0  dB 

3.5  dB 

3.0  dB 

2.5  dB 

10 

m  to  20  m 

9.5  dB 

8.0  dB 

8.0  dB 

6.5  dB 

Figure  8  is  a  plot  of  height  gain  for  7  m  to  10  m  and  10  m  to  20  m  against  distance  for 
all  paths  and  it  can  readily  be  seen  that  there  is  no  distance  dependence,  contrary  to 
information  provided  in  CCIR  texts. 

The  most  interesting  family  of  location  variability  curves  derive  from  Chelmaford, 
figure  9,  where  there  are  a  wide  range  of  building  types.  it  can  be  seen  that  for 
locations  of  low  signal  strength  the  height  gain  from  10  m  to  20  m  is  11  dB  compared 
with  5  dB  for  areas  of  high  received  signal  strength.  For  antenna  heights  greater  than 
20  m,  or  essentially  above  the  local  clutter,  the  height  gain  appears  to  be  Independent 
of  received  signal  strength.  le  There  is  no  significant  dependency  on  location 
variability. 

In  the  hilly  areas  measurements  were  referred  to  effective  antenna  heights  and  the 
following  height  gains  for  50%  of  locations  were  obtained. 


Westcliff  Althorne 

20  m  to  30  m  2.0  dB  3.0  dB 
30  m  to  40  m  3.0  dB  2.5  dB 
40  m  to  50  m  2.0  dB  2.5  dB 
50  m  to  60  m  -  2.5  dB 


The  effective  height  gsln  was  obtained  by  considering  the  height  of  the  measurement 
location  above  the  immediate  foreground  and  adding  the  actual  antenna  height.  For 
these  results  all  readings  were  those  from  location*  with  a  clear  path  towards  the 
transmitter  ie  no  antenna  heights  helov  10  m  or  screened  by  taller  buildings. 

The  regular  increase  in  received  signal  strength  with  height  ie  more  clearly 
illustrated  in  figure  10  where  the  results  of  the  Althorne  measurements  have  been 
presented.  With  the  exception  of  the  50  m  curve  at  high  value*  of  received  field 
strength,-  height  gain  remains  fairly  constant  irrespective  of  field  strength 
(percentage  of  location*).  This  agrees  with  the  result*  shown  in  figure  9  for  antenna 
height*  above  about  20  m,  but  contrasts  with  lower  antenna  heights.  It  should  be  noted 
that  figure  9  is  referred  only  to  actual  antenna  heights  above  local  ground.  It  l* 
shown  that  an  antenna  operating  abovt  urFan/euburban  clutter  exhibits  the  tamo  reduced 
location  variability  a*  an  antenna  operating  in  an  open  rural  environment.  Therefore 
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in  either  of  these  cases  an  area  could  be  surveyed  with  less  spot  measurements  than 
would  be  required  for  an  equal  area  with  local  clutter. 

Following  the  above  analysis  some  further  measurements  were  taken  to  extend  the  range 
of  antenna  heights.  These  extra  measurements  used  a  similar  antenna  deployed  at  a 
series  of  heights  below  10  m  at  the  sites  of  Chelmsford,  Weetcliff  and  Althorne.  These 
measurements  were  made  at  the  same  spots  and  receiving  the  same  signals  as  for  the  main 
experiment.  These  additional  readings  extend  the  range  of  antenna  heights  to  overlap 
with  the  1983  experiment  but.  at  a  different  frequency.  They  are  included  in  the 
Results  section. 

2.3  1986  SURVEY  IN  SOUTHMNSfER 

To  obtain  height  gain  data  for  greater  distances  a  series  of  measurements  was 
undertaken  using  two  distant  VHP  -  PM  radio  stations.  At  a  site  in  southninater,  a 
village  some  65  km  east-north-east  of  London,  the  DTI  had  been  Involved  in  the  long 
term  recording  of  signals  transmitted  from  Aalter  (Belgium)  and  Lopik  (Netherlands). 
(See  figure  11) 

Tne  relevant  transmission  characteristics  are  given  belowi 


Name 

Site 

Position 

frequency 

Site 

Height 

Antenna 

Height 

Path 

Length 

LOPIK 

05BQ3 , 52N01 

92,6  MHz 

0  m 

280  m 

292  km 

AALTER 

03E21 , 51N06 

98.6  MHz 

25  m 

150  m 

186  km 

NOTEi  Both  stations  use  horizontal  polarisation  and  an  erp  of  50  kW. 


Daring  preliminary  measurements  and  the  setting  up  of  the  equipment  it  was  noted  that 
the  received  signals  were  subject  to  fast  and  slow  fading.  It  was  decided  therefore 
that  simultaneous  recordings  should  be  made  with  a  second  mobile  antenna  deployed  at  a 
fixed  height  of  10  m,  to  which  the  measurements  would  bo  referenced.  In  this  way  the 
Influence  of  fading  on  the  results  would  be  considerably  reduced.  The  survey  vehicle 
had  two  pneumatic  masts  2.4  m  apart  and  care  was  taken  at  all  the  measurement  spots  to 
ensure  that  the  vehicle  was  positioned  such  that  the  Incoming  signals  were  at  right 
angles  to  the  axis  between  the  two  masts.  It  was  agreed  that  meaningful  comparisons 

could  only  be  made  during  periods  of  slow  fading  but,  in  exceptional  circumstances, 

peaks  could  be  compared  during  period*  of  fast  fading.  Good  correlation  was  found 
between  fades  at  10  m  and  at  the  other  heights,  but  the  only  times  when  the  two 

received  signals  were  out  of  phase  were  whan  aircraft  were  flying  across  or  along  the 
path, 

Mlthin  the  village  of  Southmlnster  some  18  locations  ware  selected  distributed  over  a 
square  kilometre,  end  at  these  sites  measurements  of  the  two  transmissions  were  taken 
at  heights  of  7,  10,  12,  14,  16,  18  and  20  m.  The  height  gain  was  dotsrmlned  by 

comparing  the  received  signal  from  the  varlabio  height  antenna  with  that  from  the 

reference  10  m  antenna.  From  the  relatively  small  sample  of  18  measurements  figure  12 
shows  height  gain  as  derived  from  the  median  (50%)  location  points  of  the  family  of 
location  variability  curves.  The  value  of  height  gain  relative  to  either  transmitter 
Increased  regularly  batwean  heights  of  7  m  and  16  m,  but  inoreased  at  two  eeparate, 
lower,  rates  above  16  m  antenna  height. 

The  data  from  these  tests  together  with  the  198}  survey  have  been  added  to  those  of 
figure  8  to  extend  tht  investigation  of  distance  dependency  of  height  gain.  As  can  be 
seen  in  figure  13  (Note  the  logarithmic  distance  scale)  no  distance  dependency  Is 
apparent. 

3  RESULTS 

The  following  table  summarises  the  results  that  are  sv&lUblei 


Range  at  Antenna  Heights  Deployed 


NOTES t 


1  The  4  o  to  50  m  and  4  m  to  60  m  ranges  were  obtained  by  combining  the  results  of 
actual  and  effective  heights  on  the  sloping  sites. 

2  The  4  m  to  28  m  range  all  refers  to  actual  heights  and  is  included  to  show 
continuity  over  that  range  of  heights.  However  due  to  the  mixed  nature  of  that  site 
(Chelmsford  centre)  it  has  been  allocated  a  special  environment  category  (urban/ 
suburban ) . 

3  The  3  m  to  20  m  range  was  ottained  by  combining  the  results  of  the  recent  OK  work 
11.2  and  the  1986  survey  $  2.3. 

In  each  case  the  raw  data  were  represented  in  terms  of  location  variability 
distributions  as  described  in  the  introduction  so  as  to  reduce  as  far  as  possible  the 
effects  of  any  local  peculiarities  of  the  chosen  sites.  All  the  above  results  were 
plotted  and  in  each  case  appeared  to  fit  a  logarithmic  curve  which  may  be  expressed  as 
the  gain  in  deciBels  for  doubling  the  height  of  the  antenna.  The  results  appear  in 
figures  14  to  21  and  are  summarised  in  the  following  tablet 

Gain  for  doubling  Antenna  Height 


ill 

i  i  in  i  huhi  ■  1 1 1 1 1 1  — — ■  i 

Urban 

■SUB 

Rural 

200  KHZ 
Vertical 

Land 

8.0  dB 

■ 

5.5  dB 

100  Max 
Vertical 

Land 

9.0  dB 

8.0  dB 

6.5  dB 

■SEMI 

j^B 

m 

4  CONCLUSIONS 

The  data  preaented  in  this  paper  aim  to  augment  the  existing  height  gain  information 
available  in  the  technical  literature.  in  particular,  their  applicability  to  heights 
Above  the  urban  clutter  could  be  of  benefit  in  tho  planning  of  mobile  services  as 
regards  base  station  sites  which  are  typically  located  at  heights  exceeding  20  m. 
Hitherto,  no  height  gain  data  are  readily  available  specifically  addressing  receiver 
antenna  heights  above  10  ». 

Home  of  the  height  gain  *oaeu;«i»ent»  have  been  presented  in  the  form  of  location 
variability  distributions,  as  discussed  at  the  outset  in  the  introduction  to  the  paper. 
This  lias  demonstrated  the  Importance  of  recognising  the  variation  of  height  gain  with 
location,  particularly  st  heights  significantly  influenced  by  local  clutter.  At 
greater  heights,  the  dependence  on  location  tends  to  disappear. 

Nor  convenience  therefore,  the  main  results  are  prosentsd  relative  to  a  median 
location.  They  are  displayed  according  to  frequency  and  to  environment  category,  and 
it  i«  found  that  they  may  be  quantified  by  a  simple  logarithmic  relationship  expressed 
in  term*  of  the  gain  in  decibels  per  doubling  of  height,  irrespective  of  the  actual 
antenna  height  concerned.  As  would  bo  expect'd,  lower  values  of  height  gain  are 
obtained  in  the  rural  environment  as  compared  with  urban. 

No  significant  dependency  with  frequency  has  been  found  and  the  results  can  probably  bo 
considered. as  appropriate  for  the  VHP  band  as  a  whole.  Hoieovet,  the  results  reveal  no 
distance  dependency. 

Tbs  results  demonstrate  that  actual  height  gain  and  effective  height  gain  may  both  be 
quantified  by  the  stmt  relationship  provided  that  the  effective  holghts  have  a  clear 
path  across  the  reference  foreground. 

It  would  be  desirable  to  conflrsi  and/or  extend  these  result*  by  performing  further 
similar  experiments  In  different  environments  and/or  at  different  frequencies. 
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DISCUSSION 


HXJkrtoni 

You  showed  a  5%— 95%  variability  of  about  1 8  dB  for  low  antennas  for  an  urban/suburban  area.  How  does  this 
variability  change  when  measurements  are  made  in  urban,  suburban  and  rural  areas? 


Author’s  Reply 

Environment  categories 

Difference  5%  to  95% 

Number  of  spots 

Dford 

urban 

17.5  dB 

88 

Chelmsford 

urban/suburban 

19.0  dB 

79 

Westcliff 

urban 

12.5  dB 

75 

Althome 

rural 

IS.OdB 

50 

Antenna  height  1 0  in  in  all  cases. 

Note: 

For  these  fiurly  low  numbers  of  spots  the  reliability  of  the  tails  of  the  curves  (5%  to  95%)  is  not  very  good. 


A.N.Ince 

Considering  the  considerable  variability  of  field  strength  with  location  (10  dB)  would  you  agree  that  before  you 
consider  doubling  the  antenna  height  you  would  look  at  your  own  location  first;  i.e.  if  you  arc  in  a  favourable  position 
you  could  be  better  off  than  someone  in  an  unfavourable  location  with  double  the  antenna  height? 

Author'*  Reply 

The  comment  is  valid,  however  the  object  of  the  work  reported  in  the  paper  is  to  establish  a  relationship  between 
received  field  strength  and  vertical  movement  of  the  antenna.  The  introduction  of  horizontal  movement  to  different 
locations  is  an  inevitable  consequence  of  using  an  area  for  the  receiving  site.  The  relationships  derived  are  for  median 
locations.  In  the  favourable  positions  height  gain  is  less  than  the  value  for  median,  whereas  in  the  unfavourable  positions 
the  height  gain  is  greater.  Future  work  is  planned  to  investigate  the  effects  of  moving  the  antenna  horizontally  over  a  few 
tens  of  metres. 


f . 

Dans  les  villes,  odfmir  la  hauteur  des  antennes  &  partir  du  niveau  du  sol  n’est  ;mw  toujours  iris  realists  car  Idnergie 
radloelectrique  se  propage  plutot  au  dessus  des  toils,  il  seroit  done  prdfdrublc  de  prendre  comme  rdfdrencc  1c  champ  eit 
un  point  ddgagf  et  de  corriger  eette  valeur  en  fenetien  du  non  ddgagement  dc  fantemte.  La  correction  wait  done 
toujours  negative,  Cette  Uldo  a  6<6  sugg&dc  au  CCIK  et  devrait  8tre  dtudlde  dans  les  prochaines  arnules. 

Repoose  d’Auttur 

Le  commentaire  est  bon,  mais  11  nous  donne  un  autre  proWimc.  En  effet  pour  suivre  ,,ite  mdthode  nous  devons 
trouver  Te  niveau  radlodlectrique"  des  toils.  Sion  petit  prdclter  ce  “niveau  radiodieclriquc",  on  aura  ttvuvd  une  valeur 
num6rique  ptrir  dderire  la  difference  entre  les  villes  et  lit  eampagne.  Josu'-  tout  ft  fail  d'accord  que  celte  vakur  sera  iris 
utile  pour  nos  etudes  A  1’avenir. 
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Stry 


It  la  becoming  Increasingly  realised  that  the  electromagnetic  envlromant  through  vhlch 
signalling  is  to  be  perforated  should  be  given  serious  attention  from  the  point  of  vies  of  f t3 
statistical  characteristics  when  system  of  cvrninlcttlon,  command,  or  control,  are  planned. 


■ben  data  from  a  particular  scenario  la  procesaed  to  produce  a  distribution  of  instantaneous 
noise  amplitudes  it  Is  often  observed  that  the  statist  lea  are  oon-Gauaslan ,  slth  a  aloe 
fall-off  in  the  distribution  tall.  The  problesi  addressed  here  is  ho*  such  noise  affects  the 
envelope  and  the  phase  of  narrow-band  transmissions  operating  In  rich  scenarios,  leading  on 
to. performance  predictions  tor  the  standard  digital  modulation  techniques. 


In  the  paper  statistical  properties  of  the  envelope  and  phase  are  first  derived  in  a  general 
manner.  A  nee  formula  Is  given,  for  example,  for  the  probability  that  a  noise  envelope 
sample  exceeds  s  sample  of  the  envelope  of  Signal  *  Noise.  This  is  the  baste  ststietio 
needed  for  assessing  Incoherently  detected  situations  such  as  Or-lng  or  fSK. 


In  order  to  apply  the  results  to  apeciflo  noise  typos  three  kinds  of  noo-Gauejinn  noise  are 
studied  vhlch  have  intrinsic  Interest.  These  are:-. 


£ 


) 

(b) 


Cauchy  noise,  . 

Quartlo  nolee, 

A  mixture  of  Gaussian  ♦  Impulsive  noise. 


/ 


■hen  comparisons  against  Gaussian  nolas  are  made  on  a  N/N  basis  It  In  very  clear  that  a  non- 
Gaussian  noise  stth  a  distribution  having  a  long  tall,  can  be  ver,  damaging  to  digital  data. 
Diversity  techniques  or  receiver  design  sodlflestlons  slth  Implications  of  extra  sins  and 
cost  say  therefore  call  for  serious  consideration. 


I.  Introduction 

Is  the  spectral  region  below  100  Mix  most  man-made  and  natural  electromagnetic  interference 
la  of  a  nonrGauaeUn  nature .  That  la,  Its  amplitude  probability  density  function  when 
determined  from  measured  data  tor  e  time  aver  vhlch  the  statistic*  can  be  reasonably  visaed 
am  stationary,  shone  significant  departure  from 

Wx)  »  JL.  «p(-*i/aea)  <i.D 

<T0rr 

tbs  eell-knove  Gaussian  form. 

Tbs  departure  In  question  is  most  often  seen  in  the  tail  region  of  the  density  shore  *  such 
•loser  fail-off  occurs  tbaa  the  sxponestial  change  vith  «  dsmoutt  vated  by  bun  (1.1). 

Sines  such  electrical  and  electronic  equipment  is  dsnlgaed  upon  the  assumption  that  it  la 
Gaussian  not*#  that  is  to  be  combatted  and,  it  in  suspected,  the  analysts  of  any  other  hind 
of  solas  IS  likely  to  pe.;vs  difficult,  It  is  of  considerable  interest  to  nee  hoe  an  analysis 
doss  proceed  she*  a  density  differing  from  «qa  (i.l)  is  assumed,  and  to  find  that  enormous 
complication  need  not  bn  encountered. 

■hile  amplitod#  disturbances  due  to  sols#  perhaps  come  to  mind  first,  there  am  many 
situations  la  shleh  import***  isformeilos  lies  in  s  phase  angle  or  angular  measurement  (pfcax* 
comparison  radar  (ref  !)  or  the  Interferometer  principle  widely  exploited  in  fibre  optic 
eye  terns,  for  example.)  sad,  of  course,  theme,  equally,  am  victims  to  the  attentions  of  say 
unstated  emissions  that  accompany  a  sealed  signal  at  the  receiver  input. 

Usual ly,  satis  data  is  derived  tram  a  narvoe-baad  signal,  n(t>  any,  having  a  rnpmmaatsMoa 
an  follone:- 


n(t)  e  PiDcoa-jt  -  Q<t)sUv0t  (l,*) 


Hera  P(t)  and  Q(t)  are  esltel  the  le-phase  red  the  quadrature  algsat  components  sad  a  pair  Of 
Values  ?(t).  G(t)  mtotr*  t  la  soma  ssmpltsg  isstsst)  can  be  vtseed  as  Cartesian  co¬ 
ordinates,  so  •  *  taa  <G(l)/P{t))  glens  the  assoclatml  phaas  eagle.  The  tent  ‘sarroe-hasd' 
■sang  that  the  baadsidth  of  P(t)  (sad  <Xt»  Is  mry  much  mmaltsr  than  «  the  carrier,  or 
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centre,  frequency. 

An  example  occurs  In  digital  data  transmission,  and  a  modulation  technique  known  as  R-ary 
phase  shift  keying.  The  narrow-band  signal  leaving  the  tranaaltter  Is  then:- 

V(t)  -  Aco«(w0t  +*B(t)]  (1.3) 

In  successive  tine  Intervals  of  length  T  secs  the  phase,  of  (t),  may  adopt  one  of  H 
(supposed  equally  likely)  values.  The  phase  angles  are:-  “ 


«<_(t)  »  aft 

■  « 


....  *(k-l) 


k  is  a  power  of  tso  and,  typically,  has  a  value  such  as  a  or  18, 

When  narrow-band  Interference  is  added  to  Equ  (1.3)  we  wish  to  calculate  the  probability  with 
which  a  device  that  examine*  phase  will  alstake  s  signaled  member  A,  from  the  phase  set,  tor 
ooe  of  the  other  phase  angles  that  could  have  been  sent. 

Alternatively,  Instead  of  phase  the  frequency  can  be  used,  so  that  one  of  H  possible  carrier 
frequencies  is  transmitted  in  each  Interval  of  length  T  sect  (the  symbol  duration). 

At  the  receiver,  correspondingly,  k  filters,  are  tr ranged  In  a  bank,  the  filter  outputs  are 
epvelope  deteoted  (this  operation  yields  In  the  case  of  Bqn  (1.3))  and  a  search 
Is  made  to  associate  the  transmitted  frequency  with  the  detector  output  that  least  resemble* 
an  'Interference  alone1  envelope. 

In  the  following  both  envelope  and  phase  statistics  are  treated  so  that  problems  of  the  kind 
described  above  can  be  analysed.  Attention  U  confined  to  narrow-bend  iuterte'encee  but  the 
theoretical  approach  to  be  described,  which  exploits  the  characteristic  function  ot  the 
interference  distribution  (the  Fourier  transform  of  the  density),  can  be  applied  to  low-pass 
situations  as  tell. 

Retarding  notation,  densities  with  arytment  x  wtll  refer  to  the  Instantaneous  noise  amplitude 
(-*<x<»)  while  those  vlth  argument  r  will  refer  lo  the  envelope  of  a  narrow-band  version  of 
the  noise  (0(r<«).  Densities  with  argument  »  (0<R(>)  refer  to  the  composite  envelope  when  s 
sinusoidal  signal  accompanies  the  noise. 

3.  three  non-CauaitUn  Penal t lee 

there  Is  a  growing  bc-dy  of  literature  upon  non-Cauesta’i  Interference  (refs  2-8}  and  such  of 
this  follows  ftlddlstoe  la  using  a  model  constructed  from  the  sum  of  a  Gaussian  ensposent  and 
nn  impulsive  component.  A  (legibility  Is  thereby  enjoyed  since  the  relative  amounts  of  each 
component  can  be  varied,  and  It  has  been  reported  (ref  3)  that  the  density  reaction  that 
arise*  far  the  envelope  can  be  made  to  fit  measured  data  extremely  closely. 

fb-sa  the  impulse  arrivals  are  assumed  to  follow  the  usual  Poisano  law  (ref  t)  the  OausaUh  * 
Impulsive  late.-fereece  ha*  an  Instantaneous  amplitude  density  function  given  by;- 


where  ». 


pjU)  *  sgp-F.J  Aj 

ft*) 

*  V * *v 


Here  e  Mr  the  r.m.s.  value  of  tbs  Gtueaiea  component,  t,  that  of  a  single  impulse,  vhlle  > 
giver  Ae  fraction  of  time  occupied  by  impulse*.  * 

ta  the  literature  A  In  used  rather  than  f  for  ibis  over-lap  parameter,  hot  *e  reserve  A  for 
the  amplitude  ot  a  ftlnueoidal  signal,  ouch  ns  that  shown  In  kqn  (1.3).  tbs  density,  fi)tt 
(3,1),  Is  ts*.  to  be  s  sot  of  Gauawlan  densities,  and  the  mean  square  value  of  a(t)  Is  gives 
by:- 

♦ 

ta^lill  «7  x^ptafda  •  ®  *  «  i»  ^  (S.2) 

this  dsssily  Is  ylettet  on  fig  1  for  f  *  0.1. 

tbs  sac  and  tad  third  decwlUe*  to  be  stamlwmd  have  ceruiu  features  la  corneas. 

Ut  $>,(*)  •  J>/« 

3  «*•*> 


19-3 


and  pj!x) 


2b3/; 

(x2+  bV 


(2.4) 


Only  a  single  parameter,  b,  is  Involved  in  specifying  each  of, these,  and  it  is  seen  that  the 
tail  of  P2<x)  falls  away  as  z  while  that  of  p3(x)  follows  x  . 

The  function  P2(x)  is  known  as  a  Cauchy  density  (ref  8:  it  might  also  be  termed  'parabolic' 
in  view  of  the  behaviour  in  the  tail  region)  and  the  distribution  has  no  finite  moments. 
However,  the  parameter  b  fixes  the  amplitude  bracket  (tb  volts)  within  which  the  noise  spends 
90S  of  its  time. 

An  interference  with  the  density  P3(x),  on  the  other  hand,  has  b2  for  its  mean  square  value 
but,  again,  all  higher  mounts  are  infinitely  large.  Interestingly,  thin  somewhat 
pathological  behaviour  does  not  prevent  us  from  obtaining  the  required  density  functions;  we 
shall  refer  to  p3(x)  as  the  Qiartic  density,  and  Pig  2  shows  p2(x)  and  P3(x)  In  graphical 


When  a  sinusoidal  signal  of  amplitude  A  is  added  to  Qiartlc  noise  a  non-zero  signal-to-noiee 
power  ratio  exists,  given  by  /•  » ,  and  so,  in  the  conventional  manner,  performance 
measures  like  error  probability  can  be  plotted  against  ^ . 

This  is  not  possible  with  Cauchy  noise,  however,  since  its  mean  square  value  i.-  infinitely 
large  but  A+b  can  be  viewed  as  a  Sigual-to-Noise  voltage  ratio  (b  is  the  voltage  parameter 
specifying  the  Cauchy  density)  and,  as  will  become  evident,  performance  measures  turn  out  to 
be  expressible  in  terms  of  A+b  (ref  9). 

P2(x)  and  p3(x)  may  be  recognised  as  members  of  the  Pearson  Type  Vll  or  Student  family  (Chap 
27,  ref  10)  and  p4(x),  >>*(' •/  etc  approach  the  Gaussian  form  of  Bqn  (1.1)  ever  more  closely. 


3.  The  Characterlstl-  '■motion 

Por  a  wide  variety  of  signal  in  roiRe  problems  the  working  proceeds  more  smoothly  if  the 
characteristic  Junction  of  the  interference  distribution  is  used,  rather  than  the  density 
function  (ref  ,1) .  This  characteristic  function,  ^„(u) ,  ie  the  Fourier  transform  of  a 
density  p(x),  eo:-  ” 


^N(U)  -  J p(x)e*p(Jux)dx 

-  <erpjux>  (3.1) 


The  pointed  brackets,  <>,  have  already  been  used  to  Indicate  a  long-torw  time  average  ( , .ee 
Bqn  (2.2))  and  we  regard  them  as  being  equally  appllo&bJe  to  ensemble  averaging  like  that 
shown  in  Bqn  (3.1). 

Then,  when  x(t)  has  the  narrow-band  representation  of  Bqn  (1,3),  we  oan  also  write:- 


$>N(u)  -  <J0(u./p2+<55]> 

r 

“■  ,'J0(zu)p(z)dz  (3.2) 

'■'o 

where  p(z)  ie  the  probability  density  function  of  a  ■  /p®+<52.  that  Is,  of  the  envelop®  of 
x(t). 


The  Bessel  function  J  (  )  oan  be  thought  of  as  deriving  either  from  tho  <>  bracket* 
referring  to  a  time  average,  in  which  case  only  the  lowrfrequenoy  part  of  exp(jux(t)] 
survives,  or  It  comes  from  viewing  the  phase  angle  tao“\Q(t)/P(t))  a*  being  uniformly 
distributed  over  -it  to  +W(ref  12), 


The  oharacterietlo  functions  of  the  three  densities  described  in  b«o  2  come  out  a*  follow* 
For  the  aun  of  Impulsive  and  Gaussian  noil's 


*,  (u)  »  exp-P,!  Fkexp  f-u2,a  2 ) 
k-ok!  \2  */ 

For  Parabolic  (Cauchy)  noise 
^2(u)  -  exp(-b|u|) 


(3.3) 


(3.4) 
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;  r"  I 

i  *  *  v  i 


J  l'i,...,.  U. 


For  Quartic  noise 


^3(u)  -  ©xp(-blul)  .  (1  +  blul) 


faction tsuohSas--U,lay  rariable  ,c  -'”r  ‘lispos*.! ,  and  bivariate  forms  of  the  characteristic 


^N(ul,u2>  “  <etpj(u1x(t)  +  UgXft+T)!  > 


involving  two  such  variables,  will  appear  in  the  following  (see  Sec  6). 


It  is  instructive  to  note  that  the  i-rp:tuch  described  above  leads,  in  all  cases,  to  the 
in-phase  and  quadrature  components  being  random  variables  that  have  the  density  function  of 
x(t),  but  they  are  not  independent.  The  only  case  in  which  these  are  Independent  processes 
is  the  familiar  one  of  narrow-band  Gaussian  noise  (ref  13). 


On  returning  to  Eqn  (3.2)  it  oan  be  recognised  as  being  a  Bankel  transform  (order  zero:  ref 
14)  and  consequently:- 


-  r 


to  . 

/uJo<ru).j4< 


This  is  a  form  into  which  any  characteristic  function  can  be  inserted  in  order  to  obtain  the 
density  of  the  corresponding  envelope,  p(r),  but  this  exercise  is  deferred  until  the  next 
seotioa  (see  Eqns  (4.10>  (4;I1)  and  (4.12),  or  Figs  3a  and  3b). 


4.  The  Envelope  Density  when  a  Signal  is  Present 


When  a  sinusoidal  signal  of  amplitude  A  accompanies  the  narrow-band  lnte.feronoe  the 
resultant  envelope  can  be  written :- 


R(t)  -  /(A+P(t)]3+Q2(t) 


With  signal  and  interference  regarded  as  independent  processes  their  characteristic  functions 
multiply  together,  and  so  gqn  (3.7)  oan  bo  luntedUtely  extended,  to  give:- 


p(B)  -  BjuJ0(Ru)Jo<Au)/fi(u)du 


llic  cumulative  diatrlbutlou  is  then  given  by  a  very  similar  integral,  via:- 


Jp(R)dR  -  RI|j1<R1y>J0(Ay)^(y)dy 

a 


A«  a  ©Lock  on  (4.3\  suppoao  a(t)  Ga'uieiao  so 


♦„(u)  ••  eapfj^-*) 


TIms  Integral  then  become*  a  woll-tawwn  result  (p  718,  ref  15)  and  we  find:* 


L  14  J  v  / 


This,  cewatiy,  is  the  aice-Kakagael  density  for  the  envelope  of  a  signal  in  GausaUo  noise. 


SlBC*  Sqn  (3.3)  la  merely  a  sum  of  Gaussian  characteristic  functions,  the  envelope  density 

l»  “W*1  *0  the  sum  of  Impulses  sad  Gsusslsa  noise  immediately 
fcHlovtt  Sqr  (4.8),  aod  *•:- 


ta>  *  ,e¥) 

to*!*'. 


"her#  r,(  )  u  defined  by  Sqn  (4.4). 


w^.Ufert^l3rmsr<l2aw[9^flI>f“^  ^4*a>  ****  ”“ultla*  lDM»r*ls  are  not  so  easy  to  deal 


'’'-'■yrC 
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Pj(R)  "  R /  uJq(ru)J  (Au)exp(-buJdu 


MWI'+ti'ns-A)^2]  /(R+A)2+b2J 
where  H<  )  is  the  complete  elliptic  integral. 

How  Eqn  (4.7)  nay  be  obtained  is  outlined  in  Appendix  1,  and  to  assist  in  achieving  the 
corresponding  result  with^g(u),  we  note  that  for  u>0:- 


/3(u)  -  J^2(u)  -  b.fyf(u) 


Then,  see  Appendix  A, 


p.(R)  »  - — 

3  *((R+A)2+b2J3/2f(R' 


2  2fe 

-A )  2+b2J  (JR-, 


A)2+b2  +1( 


where  K(  )  is  a  complete  elliptic  integral. 


By  placing  A-0  in  Eqns  (4.5)  (4.7)  and  (4.9)  we  obtain  the  envelope  densities  for 
'interference  alone' ,  and  the  respective  results  are:- 


Pj(r)  -  exp-F.E  _F*  r  exp(-r2/2ok2) 
k*0  ^  o? 


(rSb‘)« 

P-.tr)  •  3rb3 

3  OT7«- 

These  are  plotted  on  Figs  3a  and  3b. 


Incidentally,  the  cumulative  distribution  of  the  envelope  of  signal  and  narrow-band  Cauchy 
noise  is  given  (see  Eqn  (4,3))  by:- 


J Pa(B)dS  -  R1jJ1(R1y)J0(Ay)exp(-by)dy  14.13) 

This  integral  has  reueived  specific  attention  in  the  literature  (rof  15)  where  it  is  shown 
that  it  can  be  expressed  la  terns  of  the  elliptic  integral  K(  )  and  Roman's  lambda  funotion 
(rof  17  p  595). 

Figs  4a  and  4b  show  plots  of  p.(R),  pa(R)  and  p,(R).  For  large  signal  levels  It  in  often 
adequate  (as  suggested  by  Eqn  (4.1))to  use  pf(a).  pa(x)  and  p3(s>  with  x  -  lA-Rt,  aa 
replaceMWte  for  these  to  simplify  numerical  work.1 


8.  Performance  Data 


Hawing  obtained  genersl  expressions  for  the  envelops  density,  both  with  end  without  e  signal 
present,  we  can  apply  our  results  to  the  analysis  of  an  M-ary  d*ta  transmission  scheme  like 
the  oce  described  in  Seel. 

A  doamonty  adopted  strategy  is  Or-lng  in  shtoh  the  largest  of  the  M  envelops  samples  is 
accepted  sa  the  one  that  Identifies  the  transmitted  sysbol.  The  probability  of  error,  P.(M), 
can  be  expressed  as:-  • 


p„m  - 1 


•jp(B)t  J I 


p(r)dr)l,"1da 


share  urns  of  R  indicates  tbs  presence  of  the  signal,  and  use  of  r  refers  to  interference 
alone. 
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Pe(M)  is  always  less  than  1— (1/10  and  when  (M-l)xP  (2)  is  small  (less  than  0,1  3ay)  a  very 
useful  approximation  is:-  ” 


Pe(M)«  (B-l).Pd(2)  (5.2) 

A  direst  way  of  calculating  P„(2)  is  therefore  valuable  and,  in  Appendix  B,  it  is  shown 
that:-  6 


Pe(2)  -^[l-Ajj^Au^Wdu]  (5.3) 

Eqn  (5.3)  is  a  new  result  into  which  any  characteristic  function  can  be  inserted. 

It  may  be  seen  that,  essentially,  a  Hankel  transform  of  unity  order  (ref  14)  is  Involved  thus 
the  relationship  can  be  inverted,  should  occasion  demand,  so  that  the  <^j/u)  that  ensures  a 
particular  Pft(2)  can  be  identified. 

Note  also  that  ^„2(u)  is  the  characteristic  function  pertaining  to  the  sum  of  two  independent 
interference  samples  from  the  same  population.  When  such  interference  is  made  up  from  a 
Gaussian  component  (rms  r  )  and  an  impulsive  component  (rms  e.,  overlap  parameter  F)  the 
addition  provides  a  resultant  interference  having  ,  f  and  2F.  Thus,  in  this  case, 
ftRz(u)  is  given  by  Eqn  (3.3)  with  2F  for  F  and  2«£  for  •  Then:- 

e» 

Pe(2)  »  j  exp(-2F).  £  ( 2t  .wap-p  j*  l+_C  1 

k-0  *'•  2[k/t2F)tr]  <5*4) 

2  2 
where  P  “  _ A  _  and  r  «  q 

IF^+FCj2!  FcrJ 

Thus  /»  is  the  signal  po»er-to-total  Interference  power  ratio,  and  i  gives  the  power  ratio  of 
Gaussian  noise  to  Impulsive  interference. 

For  Cauohy  noise  and  Quartio  noise  P0(2)  is  given  by  simple  formulae,  namely:- 


P„(2)  -  J  . 


77 


1 


(A/2b) 


5 


(Cauchy) 


(5.5) 


P„(2)  •  J  .  (I  +  t(A/2br)  (Ouartic)  (6.6) 

tl+(A/2b)2] 575 

2  2 

Probabilities  given  by  these  results  are  shown  on  Fig  6,  plotted  against  A/b.  If  A  /2b  is 
equated  to  f>  and  a  comparison  is  made  against  P  (2)  -  £ exp-0. 5/  then  it  quiokly  becomes 
evident  that  a  much  poorer  performance  is  aohievec  in  quartio  noise  than  in  Gaussian  noise 
with  the  same  /  . 


To  gain  some  alleviation,  time  diversity,  in  which  the  message  symbols  are  repeated  ceveral 
times  before  a  decision  about  them  is  made,  oan  be  advantageous.  With  an  odd  number  of 
repeats  (suoh  as  three  or  five)  a  majority  vote  strategy  can  be  implemented,  and  Fig  5  shows 
the  performance  achieved  with  three  repeats  and  five  repeats. 


As  is  seen,  three  repeats  or  fivw  repeats  are  effective  in  improving  the  error  probability. 
With  Gaussian  noise,  however,  this  error  probability  would  lie  at,  or  below,  10"M  whan  the 
slgnal-to-nolae  ratio  exceeds  12dB  (in  the  case  of  quartio  noise,  A/b  is  then  18dB). 


6.  Phase  Statistics 

In  this  section  attention  is  focussed  upon  the  U-ary  phase  shift  keying  modulation  sohomo 
described  in  Sec  1,  and  the  probability  of  a  symbol  error  is  evaluatod  for  our  three  types  of 
uoo -Gaussian  noise. 

The  basic  analytical  result  needed  for  this  oxerolse  is  stated  below,  and  refs  11,  12,  18, 
and  21  give  the  background  to  its  derivation. 

With  the  received  signal  written  as:- 

VR(t)  •  Aco*lu0t+*B(t)l+H<t>  »  R^tJcosO^t+^t)) 
and  tbs  local  reference  against  whioh  Vg(t>  is  compared  written  ss:- 


(0.1) 
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VH(t)  -  R2(t)coe(u0t+«2(t)>  (6.2) 

then  the  probability  thatfl(t)  -  S,(t)  -  0-(t)  (mod  2T)  uee  in  a  range  toft, 
ie  /^p(®)d#,  io  given  by:-  1  z  ' 

w«c 

Q(jt)  -  G  (*) 

where  G(z)  «'*  -  1  //  if-  (-u,  ,u„:z)  du.du,  (6.3) 

2~  o 

The  function  ^(-u1,u2:z)  is  a  conditional  joint  characteristic  function,  defined  by:- 

♦(-UjiUjjz)  »  <expj(u1R1cos(u0t+e1)  -  u2R2cos(  uot+e2+s#>  (6.4) 

Two  cases  of  practical  interest  are  examined  namely  those  of  coherent  detection  and 
differentially  coherent  detection  (DPSK).  With  the  former  R2(t)  is  a  constant  and 
^(t)  «  A  the  signalled  phase  ie  the  local  reference  is  locked,  perfectly,  in  phase  and 
frequency  with  the  signal  component  of  the  receiver  input. 

With  differentially  coherent  detection:- 


H^t)  -  Kjd-T)  «2(t)  -  e^t-T) 

so  the  reference  is  a  delayed  version  of  the  receiver  input.  In  this  case  noise  is  present 
on  both  the  received  signal  and  the  reference,  while  coherent  reception  is  disturbed  only,  we 
suppose,  by  the  noise  accompanying  the  received  signal.  In  practioe,  noise  samples  N(t)  and 
N(t-T)  (with  T  the  symbol  duration)  may  not  be  Independent  but  to  account  for  this  effect 
oalls  for  detailed  Information  regarding  the  higher  order  statistics  of  the  non-Gaussian 
interferences  in  order  for  p(-u,  ,u2:z)  (see  Eqn  (0.4))  to  be  evaluated.  This  problem  is  not 
addressed  here  and  we  assume  N(t)  and  N(t-T)  to  be  independent. 

When  it  is  supposed  that  all  detected  phases  that  fall  within  ifr/)l  rad  of  £  a  signaled  phase 
(or  phase  change)  are  deemed  to  be  correotly  identified,  the  probability  of  error,  P  (ll),  is 
given  by:-  e 

Pe(H)  -  1  -  G(A+*/H)  +  G<A-*/M>  (6.6) 

where  G(  )  is  calculated  from  Eqn  (6.3). 

The  calculation  has  been  extensively  studied  for  the  Gaussian  noise  situation  (refs  12,  18) 
and  slnoe,  in  the  case  of  Gaussian  Impulsive  interference  the  characteristic  function  Eqn 
(3.3)  is  a  weighted  sum  of  Gaussian  characteristic  functions  the  formulae  for  P„(M) ,  needed 
here,  can  be  written  down  as  dlreot  extensions  of  previously  published  results. 

Thus,  for  coherent  detection,  use  of  Eqn  (71)  of  ref  12  (or  Eqn  (3.18)  of  ref  18)  leads  to:- 

»  w/2-n/M 

VM>  -  exp-F.  I  lk  1  /  exp-[Bksin2(r/^ec2eJde  <6-6> 

k-0  k  1  *  -v/2 

where  k  «  A2+2<7k2. 

In  the  differentially  ooherent  oaee,  Eqn  3.14  of  ref  18  extends  to:- 

-  * 

VM)  -  Sln,/M.«xp-2F  I  C  F^  /  W(k ,1  )exp-F(k .1 16  Id  a 
2*  W  M  llkl  0  F(k,l»0) 


F(k.lie)  -  +Jjx j  +  cos 0 -W( k ,  1 ) cos  w/Kcos  e 


and  W(k,l)  ■ 

In  a  differentially  coherent  case  P_(M)  can  also  bo  written  (ref  18)  as; 

w 


VH)  *  l_i“f  E  ttlVA,N)1 

"  «■; 
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where  HJA.N)  -  f  J  (Au)^,(u)du 

When^jj(u)  has  the  simple  form  of  Eqn  (3.4)  it  is  easy  to  arrive  at:- 

’  . _  *IK 

^(A,N)  -  1  ju- Jb/-b  -  + 

and  then  to  sum  the  series  to  give,  for  Cauchy  noise: - 


Pe(M)  “  l-l-2taR~^fB28ir.iT/M  | 
**  ^  |^1-E?cos»/mJ 


Interestingly,  for  the  coherently  detected  situation  and  Cauchy  noise,  we  find  (ref  18) 


Pe(M)  »  1  -  i  -  ?tan-1 
M  8 


(  Bsinw/M  I 
1 1-BcoStt/M  1 


To  obtain  the  corresponding  results  for  Quartlc  noise  it  is  helpful  to  use  Eqn  (4.8).  Then, 
for  differentially  coherent  reception:- 


-  l-I-ltan'1/ B2slnT/M  1 -2.  2b/a  ■  B2ajni,/M 
M  v  U-B2cob  v/mJ  v  n  +  ( b/A ) z  (l-2B2cos  tt/( 


r/M+B4) 


”  1  (b/A) 2  _  B28init/M(  1-B4  ) 

*  l+(b/A)^  (l-2B2cos  a/M+B4 )2 


while,  in  the  coherent  case:- 


-  l-l-2tan~1  /  Bs  1  n  a/M  \  2  b/A  Bi 

"  \l-Beos  i/nj  *  A  +  ( h/A ) 2  (1- 


Bslnir/M 
-2BCOS  u/M+B2) 


Coherent  detection  of  M-ary  P8K  in  non-Oaussian  noise  has  received  previous  attention  in  the 
literature,  notably  in  ref  20. 

With  M-4,  P  small  and  v -0  we  can  compare  a  result  given  by  Zianer  for  operation  in  purely 
impulsive  noise  with  our® Eqn  (6.6) ,  which  is  then  well  approximated  by:- 

n/U 

V4>  51  £  /  BXP"(Pj/2sec2 ejde  (6.16) 

'-1/2  _ 

With  the  z  of  fliemer’s  treatment  equated  to  </24«+F  his  Eqn  (40)  oan  be  written:- 
•n/U 

pe(4)  *  I  s  Brfct/oj/asecjJde  (6.16) 

1-11/2 

* 

Bemerabering  that  for  large  argument  erfo  x  »e  *  /xfx  it  is  evident  that  Eqn  (6.16)  and  Eqn 
(8.16)  behave  rather  similarly.  A  numerical  cheok  reveals  that  little  more  than  ldB 
separates  predictions*  made  from  these  formulae,  and  this  is  gratifying  in  view  of  the 
differing  underlying  assumptions, 

Apart  from  remarking  that  Eqn  (8.7)  would  appear  to  be  a  new  result  for  DPSK,  the  Gaussian 
and  Impulsive  typo  of  interference  is  not  examined  further.  Upon  Fig  6,  however,  plots  are 
given  of  the  performance  predicted  for  M-ary  PSK  and  DPSK  in  Quartlo  noise. 


*  Zlemer's  result  gives  the  smaller  error  probabilities. 


7.  Fading 

Throughout  the  fore-going  analysis  it  has  been  assumed  that  A,  the  signal  amplitude,  does  not 
vary  with  time.  This  is  far  from  being  realistic  in  many  situations  and  it  is  usual  to 
ascribe  a  probability  density  to  A(t)  to  model  the  eo-oalled  fast  fadiag  that  is  so 


characteristic  of  HF  links  and  mobile  radio  transmissions. 

It  is  no*  common  practice  for  the  slow*  and  fast  fading  behavior  of  particular  links  to  be 
the  subject  of  detailed  study  (ref  10),  and  a  Rayleigh  density  is  often  anticipated  for  fast 
fading.  This  is  not  always  observed  in  praotice,  hovaver,  and  us  iful  flexibility  is 
introduced  by  using  a  suitable  family  of  densities  that  sen  be  fitted  to  measured  data.  Such 
a  family  is  provided  by  NAkagami's  m  distribution  (ref  ?1)  and  for  this:- 

p(A)  -  JmV^expf-mA2)  <7-D 

■  r{mX)m  . . .  . 


as re  m  is  a  parameter  that  can  be  varied, 
ft  -  <A2(t)> 


ana  m  ■*  i<a~>j~  t  s 
<A4>-(<A2>]2 

Results  obtained  on  the  assumption  that  A. is  constant  can  then  be  viewed  as  being  conditional 
upon  any  A,  and  a  further  stage  of  averaging,  using  Eqn  (7.1),  is  in  order  to  achieve  a  final 
result  averaged  over  all  fast-fading  amplitudes. 

To  illustrate,  if  this  is  carried  out  upon  Eqn  (6.3)  the  final  outcome  gives  the  probability 
that  a  sample  of  the  envelope  of  narrow-band  non-Gaussian  noise  exceeds  an  Independently 
chosen  sample  of  the  envelope  when  the  fading  signal  is  present  in  the  noise,  and  the  fading 
law  is  given  by  Bqn  (7.1).  The  result  is:- 


<pe(2)>  -  j  (l-  /  #  u1F1(mtI,2)-u2ri)tt]2(u)du)  (7.2) 

0  Un> 

where  .F,(,;)  Is  the  degenerate  hypergeometric  function  (ref  15).  Note  that  for  m*l  Eqn 
(7.1)  becomes  a  Rayleigh  density  and  then:- 


<Pe(2)> 


i  (l- 


/ft 
‘  2 


u  expi 


(u)du! 


(7.3) 


*  Slow  fading  is  associated  with  topographical  changes,  and  fast  fading  with  multipath 
effects. 


8.  Conclusions 


This  paper  has  been  concerned  with  the  Amplitude  and  Phase  perturbations  introduced  upon 
Angle  Modulated  Narrow-band  signals  when  they  are  reoeived  in  non-Gaussian  noise. 

General  integrals  are  developed  which  refer  to  the  envelope  statistics  of  the  8ignal  and 
Noise  mixtures  and,  in  particular,  a  new  general  formula  (Bqn  (6.3))  is  given  for  the 
probability  that  a  noise  alone  envelope  sample  exceeds  an  independently  chosen  sample  of  the 
envelope  of  Signal  and  Noise.  The  extension  of  this  result  with  a  fading  signal  is  also 
given  (Eqn  (7.2)). 

Of  the  three  noise  types  considered  the  first  (Gaussian  plus  Impulsive)  has  reoeived  earlier 
attention  in  the  literature  but  the  results  for  it  given  here,  are  thought  not  to  have  been 
presented  before. 

The  other-two  noise  types  have  intrinsic  interest  sinoe  their  density  funotions  fall  away 
only  as  x  and  xin  the  tail  region. 

In  general,  therefore,  hlgk  moments  of  their  distributions  ars  infinitely  large,  but  the 
important  second  moment  (<x  >)  is  finite  for  Quartio  noise,  and  so  a  slgnal-to-noise  power 
ratio  can  be  defined  and  performance  plotted  against  it. 

Suoh  performance  is  illustrated  for  all  three  noise  types  here,  in  both  amplitude  and  phase 
oases,  for  some  representative  eituatlons  from  among  the  many  that  may  present  themselves  to 
the  system  analyst. 
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Appendix  A:  Envelope  Densities 

a 

With  p2(B)  -  R  JuJ0(Ru)J0(Au)exp(-bu)du 
«' 

the  product  of  Bessel  functions  can  be  replaced  by:- 


Jo(Ru)J0(Au)  -  if  JQ(uJff 

7T 


2+A2+2RAC08*)d 6 


The  u  integration  can  then  be  performed  easily,  and:- 

«/2 

p-(R)  »  2Rb  S  _ 1  dn 

v^R+AJ^+b^  o  (l-k2sin2a)3/2 


(A.l) 


(A.2) 


(A.3) 


where  k 


4AR 


(R+A;+b* 


The  integral  here  is  r.  special  case  of  Elliptic  Integrals  of  the  Third  Kind  (p  599  entry 
17.7.1,  and  p  600  entry  17.7.24  of  ref  17)  so:- 


P2(r)  *  2Rb  1  E 

n,/(R+A)2+b^  ((R-A)2+b^ 


P 


4AR 

R+A)2+b2 


(A. 4) 


With  exp(-bu)  replaced  by  exp(-bu)(l+bu)  in  Eqn  (A.l),  we  oan  use  Eqn  (4.8)  of  the  text  and 
differentiate  Eqn  (A. 4)  with  respeot  to  b,  to  obtain :- 


Pj(R) 


*i  (R+AP+b 


2Rb 

~7‘ 


t (R-A) 2+b2] 


"K(^+"OT) 

Appendix  Bi  Derivation  of  Pp(2)  (Binary  P8K) 
From  Bin  (5.1) 


{f. 


AP+b2  t 


(A. 5) 


P#(8)  •  1 


m 

-U)[( 


p(r)drldR 


(B.l) 


where  p(r)  is  given  by  Eqn  (3.7)  and  p(R)  by  eqn  (4.2). 
By  noting  that!- 


yJrJ0(vr)dr  -  RJ^Rv) 

oan  be  written; - 

w 

P#(2)  •  1*  j‘Ju^n(u)4H(v)^(Au)^F(u,v)dudv 


(B.2) 


(B.3) 


V 


where  F(u,y)  -  J  RJ0(Ru)J0(Rv)dB 


(B.4) 


This  integral  can  be  interpreted  in  terms  of  a  Dirac  Delta  function,  however,  (see  ref  20) 
and:- 

F(u,v)  »  j(u-v)  (B.5) 

■  *~3Wr 

Csing  this  in  equ  (B.3),  a  follow-up  integration  by  parts,  gives:- 

.  a» 

Pe(2)  -  £[ 1-A  ]Jl(Au)fN2(u)dul  (B.6) 
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DISCUSSION 


AJSJace 

What  physical  mechanism  gives  rise  to  Cauchy  type  noise?  At  frequencies  say  above  VHF  how  likely  is  it  to  have  non- 
Gaussian  noise?  In  cases  where  one  has  impulsive  noise  an  efficient  way  of  reducing  errors  would  be  to  use  ARQ  if  you 
have  a  return  channel;  do  you  agree? 

Author’s  Reply 

I  concur  with  what  you  are  saying.  I  think  there  are  situations,  as  I  understand,  such  as  under-ice  communication  with 
submarines  and  so  on,  where  the  noise  that  affects  the  communication,  the  received  signal,  is  more  like  Cauchy  noise.  I 
must  confess  I  would  like  to  see  what  these  things  look  like,  perhaps  on  an  oscilloscope.  I  think  what  you  are  saying  is 
correct  about  what  one  wouid  call  impulsive  or  spiky  noise.  Although  Cauchy  noise  has  a  long  tail,  I  do  not  think  it 
would  look  quite  as  spiky,  I  do  not  quite  know  what  it  wouid  look  like.  But  it  is  difficult  to  confirm  to  say  that  it  has  a  tail 
like  that  and  that  it  does  not  have  spikes.  But  it  does  not  certainly  have  the  same  distribution  as  one  gets  if  one  builds  a 
model  of  impulses. 


AJNJnce 

What  physical  processes  give  rise  to  it? 

Author’s  Reply 

I  think  some  noise  with  industrial  background  has  been  modelled  with  Cauchy  noise.  I  think  it  is  (airly  often  found  in 
literature  now  that  below  a  100  MHz  most  man-made  and  most  natural  Interference  is  said  to  be  non-Gaussian.  1  have 
tried  to  give  a  shopping  list  ot  densities;  if  you  come  across  one  you  could  find  one  that  would  fit  and  you  could  try  to 
formulate  it 
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For  several  years  British  Telecom  has  operated  an  experimental  6  GHz  digital  link 
over  a  51  km  oath  in  the  worot  multipath  environment  in  the  UK.  The  aims  of  the 
experiment  are  to  obtain  detailed  information  on  the  way  in  which  propagation  effects 
degrade  the  performance  of  digital  systems,  with  the  ultimate  aim  of  developing  a  system 
outage  model  firmly  based  on  practical  experience,  and  secondly  to  provide  test  facilities 
for  the  performance  comparison  of  a  vat iety  of  equipments  employing  different  modulation 
systems,  within  a  reasonably  severe  propagation  environment. 


Results  from  this  link  are  discussed  with  particular  emphasis  being  given  to  a 
previously  unreported  form  of  cross-polar-isolation  (XPI)  behaviour  in  which  the  XPI 
degrades  with  both  frequency  selective  and  flat  components  of  fading.  Such  events  occur 
only  once  or  twice  a  year  in  the  location  of  the  experiment  but  emphasise  the  need  for  the 
development  of  interference  cancellers  1!  co-frequency  cross-polar  frequency  plans  are  to 
become  viable.  ^ _ _ 


i. 


INTRODUCTION 


For  some  years  the  British  Telecom  Research  Laboratories  (BTRL)  have  been  running  an 
experimental  high-capacity  (140  Mb/s)  digital  link  over  a  51km  path  in  East  Anglia.  The 
purpose  of  this  experiment  was  twofold  -  firstly  to  establish  a  teat  facility  on  which  the 
performance  capabilities  of  various  digital  equipments  eruld  be  Investigated  within  a  reat 
arid  comparatively  severe  propagation  environment,  and  secondly  to  gain  a  real 
understanding  of  the  propagation  problems  involved  In  wideband  systems,  with  a  view  to  the 
development  of  a  system  outage  model  firmly  based  on  real  propagation  data.  (Ref.  1) 

Tlie  data  collected  during  the  life  of  this  experiment  has  been  undergoing  analysis 
aimed  at  characterising  the  Individual  and  Joint  statistics  of  flat  and  frequent y 
selective  fading,  and  to  achieving  a  better  understand  of  the  relationship  between 
frequency  selective  fading  and  the  degradation  of  Cress. Polar  Isolation  (Xl’1  > .  This  paper 
briefly  describes  the  experimental  link  and  then  proceeds  to  discuss  so «e  rvsulits  from  the 
study  with  particular  emphasis  on  anomalous  XPI  behaviour, 

3.  .  THE  EXPERIMENTAL  LINK 

The  test  link  was  established  m  an  area  of  the  UK  particularly  prone  to  multipath 
fading  as  a  result  ef  a  flat  terrain  coupled  with  a  high  liability  to  advection  dusting 
arising  fre«  the  proximity  of  the  European  iand-aoss  and  the  North  Rea.  The  system  was 
Initially  set  up  to  perform  measurements  stt  a  1«0  (tbit/s  reduced  bandwidth  quadrature 
phase  shift  keyed  (R80PSK)  equipment  pains  a  bandwidth  of  be  Mils,  but  ss  interest  m 
different  modulation  methods  increased  the  experiment  has  been  expanded  to  Include  t.  h  it 
and  recently  M  “JAM  systems. 

The  R8t)P3K  experiment  runs  In  a  co-frequency.  t rose -polar  mode  and  is  configured  ie 
permit  the  foils-wing  measurevtentB  taken  from  the  herucntslly  polarised  rereiv»rs.  all 
parameters  being  measured  at  one  second  intervals  using  an  i«-hsuse  designed  computer 
controlled  data  collection  system. 


1.  Wideband  eepalar  attenuation. 

3.  KarrswbShd  eoprlar  attenuation  within  three  I  Kile  slots  equally  spaced  ever 
.17  KHs  shout  ‘he  channel  centre. 

3.  dll  error  ratio. 

*.  XPI- 

These  Soessjarehencv  are  trade  for  both  ren- divers;  ty  (Channel  i  'KM!  i  Xiid  diversity 
(Channel  J'KDl  -  phase  aligned  at  RF)  ecnf igoratiAns,  the  spacing  between  sain  and 
diversity  antenna#  being  13.5  metres,  in  addition  a  third  channel  (3*KM31  permits 
csappnplftsn  between  signal  levels  received  at  different  antenna  heights,  a  sasassiresstni  not 
poaavble  within  the  diversity  receiver  since  the  phase  alignment  is  performed  at 

The  tw®  vertically  poihriied  receivers  U*  VHl  a  3'VOi )  perns  t  the  sake  group  of 
*t**u cement*  with  the  exception  of  th*  naerowbsnd  esp-oiar  attenuation.  A  block  diagram  of 
the  receiver  and  data  collection  ayatea  is  shown  in  Figure  i. 
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Traffic  is  simulated  by  the  use  of  different  pseudo-random  patterns  on  each 
polarisation  and  the  system  XPI  is  measured  using  correlation  techniques.  The  statistics 
of  XPI  behaviour  built  up  over  more  than  three  years  on  a  pseudo  traffic  carrying  system 
is  .believed  to  be  unique  to  British  Telecom,  and  has  led  to  some  interesting  reaults. 


3.  FADING  DISTRIBUTIONS 

3.1  Analysis  Method 
• 

The  data  derived  from  the  age  lines  of  the  receivers  is  that  appertaining  to  the 
composite  (flat  plus  frequency  selective  fading)  signal  in  a  66  MHz  wide  channel.  At 
the  time  the  experiment  was  initiated,  it  was  thought  that  system  outage  modelling 
would  be  based  on  wideband  fading  distributions,  although  with  the  fullness  of  time 
the  modelling  has  followed  the  narrowband  route.  However,  the  implementation  of 
narrow-band  slot  filters  within  the  channel  bandwidth  enables  either  form  of  fading 
distribution  to  be  made  available. 

In  order  to  separate  the  flat  and  selective  fading  components,  a  time  window  is 
tracked  across  the  database  in  order  to  determine  the  mean  level  within  the  window 
and  hence  the  flat  fade  component.  The  difference  between  the  flat  fade  and  the 
total  fade  at  the  centre  of  the  window  allows  the  selective  component  at  that  instant 
to  be  determined.  Initial  tests  of  this  method  were  carried  out  by  comparing  results 
for  a  selected  nine-week  database  against  those  derived  by  a  curve  fitting  oxerclse. 
These  tests  have  shown  the  reaults  of  this  method  to  be  quite  acceptable,  and  the 
distributions  of  flat  and  selective  fading  for  the  nine-week  period,  together  with 
that  of  the  composite  fading,  are  shown  in  figure  2. 

3.2  Application  of  Results 

Within  the  UK  a  general  narrowband  prediction  model  for  composite  multipath 
fading  (Ref.  2)  is  in  use,  having  the  form:- 


F0  J  -  -28  +  35  Log  d  +  S.5  Log  f  -14  Log  r  +  G 

where  F^  1  is  the  fading  exceeded  for  0.1%  of  the  Worst  Month.  (dB) 
d  is  the  hop  length  in  km 
f  is  the  frequency  in  GHz 
r  is  the  ground  roughness  in  mllliradlana 
end  G  is  a  geographic  factor. 


During  the  development  of  the  outage  model,  we  ware  faced  with  the  question  of 
whether  the  geographic  term  arose  from  changes  to  the  flat,  the  selective,  or  both 
fading  components.  If  it  was  the  first  of  these  then  the  impact  on  digital  systems 
was  not  so  significant  since  moderate  flat  fading  has  no  great  effect  on  the  syBtem 
signature.  However,  frequency  selective  fading  ia  far  more  aerloua.  A  further  aim 
of  the  BT  study  is  therefore  to  identify  the  meaning  of  the  geographic  factor  by 
installing  data  recorders  on  many  links  in  the  traffic-  carrying  network  and 
analysing  this  fading  data  in  the  same  way  as  that  of  the  experimental  link. 

4.  RELATIONSHIP  BETWEEN  XPI  AND  FREQUENCY  SELECTIVE  FADING 

Drawing  the  equiprobabie  characteristic  to  a  scattergram  of  XPI  versus  copolar 
attenuation  results  in  the  well  known  format  of  Figure  3.  When  studying  the  effect  of 
multipath  fading  on  system  XPI,  the  incluaion  of  the  flat,  fading  components  In  the 
scattergram  makes  full  comprehension  of  the  XPI  v  selective  fading  relationahlp  difficult. 
We  expect  that  our  understanding  of  the  behaviour  of  XPI  under  fading  conditions  will  bn 
much  improved  by  the  ability  to  remove  the  flat  fading  components  from  the  results. 

5.  ANOMALOUS  XPI  BEHAVIOUR 

It  Is  generally  believed  that  the  XPI  of  a  system  will  not  be  degraded  by  flat 
fading,  other  than  that  to  be  expected  as  a  result  of  interaction  betweer  offset  arrival 
angles  and  the  characteristics  of  the  antennas.  However,  the  capability  of  our  experiment 
to  record  the  XPI  of  a  traffic  carrying  system  at  one  second  intervals  over  eeveral  year* 
has  revealed  that  this  is  not  always  so. 

The  BT  experiment  make*  use  of  high  XPI  antennas  that  have  been  designed  to  avoid 
many  of  the  problems  of  offset  signal  ■  rrlval  angles  (see  Figure  4).  Despite  this 
precaution  there  have  been  aeveral  eventa  reoorded  in  which  the  non-frequency  selective 
component  of  fading  has  been  fa'thfully  mirrored  by  XPI  degradation.  Events  of  this 
nature  could  have  serious  implications  for  any  system  that  is  designed  to  run  in  a  co¬ 
frequency  cross-polar  mode,  or  which  relies  on  maintaining  a  good  working  XPI  value  to 
reduce  adjaoent  channel  interference  in  an  Interleaved  frequency  plan. 


An  example  of  this  cnomalous  behaviour  IS  shown  in  Figure.,  5  &  6.  Figure  5  shows  the 
copoiar  fading  recorded  via  the  age  lines  of  the  main  (non-diversity)  and  diversity 
channels,  and  it  con  clearly  be  seen  that  the  diversity  reduces  the  multipath  component 
but  as  would  be  expected,  has  no  effect  on  the  flat  facing  component.  Figure  6  shows  the 
XPI  for  the  diversity  channel  and  it  can  clearly  be  seen  that  the  XPI  degradation  tends  to 
follow  the  excursions  of  both  components  of  fading  over  a  period  of  some  five  hours. 

Several  other  such  examples  have  bsen  recorded  anu  experience  to  d\te  shows  that  events 
such  as  these  may  occur  once  or  twice  a  year  in  this  area  of  the  UK. 

An  investigation  has  been  instituted  to  try  and  determine  the  mechanism  of  these 
events,  their  frequency,  end  the  area  over  which  tha  effects  ars  likely  to  be  felt.  To 
date,  although  the  exact  mechanism  has  not  been  established,  there  is  evidence  to  suggest 
that  such  events  take  place  as  a  result  of  interaction  between  a  subsidence  inversion  and 
incoming  frontal  systems.  This  combination  occasionally  causes  tha  inversion  layer  to 
descend  from  its  usual  height,  of  erounu  1  km,  down  to  a  height  that  can  be  aa  low  as  two 
or  three  hundred  metres,  and  it  is  at  these  times  that  the  anomalous  events  occur.  Figure 
7  is  e  contour  plot  of  potential  refractive  index  (PRI),  derived  from  radiosonde  data  at  a 
site  60km  to  the  east  of  the  experimental  path,  for  a  five  day  period  centred  on  the  event 
indicated  by  Figures  S  »  6  -  Although  sonde  data  is  not  ideal  for  looking  at  thin 
inversion  layers  due  to  the  fairly  large  height  intervals  at  which  Information  is  relayed 
back  to  the  ground,  it  nevertheless  is  indicative  of  abnormal  situations.  In  this  example 
it  can  be  seen  that  the  event  for  which  the  'commencing  and  finishing  times  are  indicated 
by  the  thick  arrows,  coincides  with  a  parted  during  which  a  auper-refractive  condition 
developed  close  to  ground  level.  (The  shaded  acne  lies  between  refractlvlty  values  of  310 
and  290  N-unita  and  is  Intended  to  draw  attention. to  the  relatively  rapid  change  in  the 
refractlvlty  profile  that  took  place). 

The  occurer.ce  of  these  events,  within  the  locality  in  which  the  experiment  is  being 
conducted,  correlates  well  with  unusual  behaviour  on  a  trana-i  -  -1  r.on  interference 
experiment  operating  between  East  Angela  and  Holland.  The  rec»i«  d  signal  level  on  this 
experiment  la  normally  at  the  forward  scatter  level,  and  is  enhanced  during  ducting 
situations.  The  signal  levels  observed  during  the  periods  of  anomalous  XPI  behaviour  have 
suffered  sn  abnormal  degree  of  enhancement,  and  in  addition  hava  at  times  shown  unusual 
diurnal  distributions.  The  data  from  this  experiment  will  thus  provide  useful  evidence  of 
likely  frequency  of  occurence  of  these  events 

In  order  to  determine  the  geographic  extent  of  the  anomalous  behaviour,  records  from 
service  links  are  being  examined  for  any  avldence  of  occurrence.  Since  measurement  of  XPI 
It  not  carried  out  on  these  links,  records  are  being  examined  for  evidence  of  flat  fading 
of  several  hours  duration  coinciding  with  known  events  on  the  teat  link.  In  addition 
monitoring  facilities  are  to  be  installed  on  a  number  of  these  service  links,  and  may 
Include  rudimentary  means  of  measuring  XPD. 

Enquiries  amonget  other  administrations  concerning  these  anomalous  events  elicited 
only  one  positive  reply.  However  this  was  not  unexpected  since,  with  an  avant  oocurlng 
only  once  or  twice  a  yaar,  constant  monitoring  of  system  XPI  la  essential  if  any  occurence 
is  not  to  be  overlooked. 

6.  CONCLUSIONS 

The  teat  facility  aat  up  by  British  Telecom  has,  In  addition  to  providing  tha  baalc 
data  required  for  the  development  of  a  propagation-baaed  system  outage  model,  provided  tha 
means  cf  studying  the  behaviour  of  XPI  under  a  wide  range  of  propagation  conditions, 
together  with  the  Improvement  offered  by  height  dlveretty.  The  long  term  database  of  XPX, 
gathered  In  a  pseudo  traffic  carrying  environment,  la  believed  to  be  unique  to  ST  and  has 
revealed  the  presence  of  periods  of  anomalous  bshsvlour.  Although  such  behaviour  is 
likely  to  prove  infrequent,  the  duration  of  Individual  aventa,  which  oan  run  into  aevara) 
hours,  oould  prove  troublesome  for  any  systam  that  rslisa  on  tha  aalnttnanes  of  a  minimum 
value  of  XPX. 

Since  eo- frequency  cross-polar  working  is  baing  considered  by  several  manufacturers 
m  •  mesne  of  attaining  high  apactrum  utilisation  factors,  tha  work  reported  in  this  paper 
points  to  the  need  to  develop  efficient  low-eoet  interference  cancellers  if  such  systems 
are  *o  meet  the  perfermanee  criteria  demanded  by  system  operators. 
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XJLOkM 

Haying  had  aeveral  months  to  study  your  anomalous  XFIdatt,  Iamsatisfied  that  the  eventi  you  have  seen  are  real,  and 
thtt  systemdeagnen  tbcwld  take  note  accordingly.  I  can  see  that  the  cross-polar  patterns  ciyour  antennas  are  excellent 
“***  *?*utar  raa8e-  However,  I  wonder  if  you  have  measured  the  pattern  outride  the  range  indicated 

ti*«found  “  ^foreground  of 


this. 


Author’s  Reply 

I  have  not  aeea  patteras  for  the  antenna  cross-polar  response  outside  of  this  range,  so  I  cannot  help  you  at  this  time. 
Howwsr,  I  will  follow  this  up  on  my  return  to  the  UK  and  if  extra  data  does  exist,  i  will  forward  it  .o  you.  I  am  aware  of 
your  theory  that  our  problem  could  be  due  to  diffuse  reflections  from  sidelobe  ilium:  nation  of  the  ground,  and  I  agree 
that  this  could  wdl  be  5  viable  explanation.  ^ 
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SUMMARY 


An  EHf  Telecommunication  System  Engtn«trln|  Modal  (ETSEM)  haa  bean  developed  as  an  aid  In  the  design 
of  Une-or-alght  (LOS)  oommunloatlon  systems  fron  10  to  100  GHa.  ETSEM  provides  tabulation  of  patn 
geometry  paraaatara  and  analytes  ray-path  and  rrasnal  tone  olsaranoaa  to  help  the  engineer  design  the 
path.  ETSEM  also  pradlota  the  parforaanss  (availability)  of  both  digital  and  analog  systaas  based  on 
state-of-the-art  EXE  propagation  aodels  and  equipment  speotf lolatlons .  Attenuation  by  rain,  olear-alr 
absorption,  and  aul tl path  are  nodeled.  These  are  expected  to  essentially  deteralne  the  statistics  of 
link  availability  as  Halted  by  propagation  lapalments.  Perforaanoe  nay  be  predlotsd  for  any  Interval 
or  aonths  of  the  year.  A  ollaatologloal  data  base  for  North  Aaerlea  and  Europe  provides  parameters  for 
the  propagation  node 1 a .  ETSEM  has  been  lapleaanted  on  a  desk-top  computer.  Weaknesses  and  limitations 


of  the  modal  are  dlsoussed. 


1 .  INTRODUCTION 

The  EHf  Telecowinloatlon  System  Engineering  Modal  (ETSEM)  uas  developed  for  the  U.S.  Army 
information  Systems  Engineering  Agenoy  (USAISEA)  to  aid  In  the  engineering  design  or  llne-of-slght  (LOS) 
oowinloatlon  systems  utilizing  the  radio  apeotrias  from  10  to  100  GHZ.  The  model  predicts  the 
perforaanoe  (availability)  of  communication  systems  based  on  aodels  of  Extremely  High  Prequenoy  (EHF) 
radio  propagation  and  equipment  specifications  and  provides  other  Information  useful  for  the  design  or 
such  systems.  The  engineer  Is  able  to  vary  design  parameters  and  see  Immediately  the  resulting  ohange  In 
the  predlotsd  performance  of  the  system. ...  This  allows  the  englneer  to  efriolently  examine  tradeorrs  to 
find  aoonomloal  designs  that  meet  the  oommunloatlon  requirements. 

The  model  predicts  the  performance  of  both  analog  and  digital  oommunloatlon  systems.  Perrormanee  Is 
measured  for  digital  systems  by  the  bit  error  rate  (BER)  and  for  analog  systems  (FM/FDM)  by  the  algnal- 
to-nolae  ratio  (S/N)  In  the  worst  channel.  Perrormanoe  may  be  predlotsd  for  any  Interval  of  months  or 
the  year.  The  ability  to  predlot  perforaanoe  for  periods  as  short  ss  one  month  Is  Important  If  aoourate 
predictions  or  perforaanoe  are  to  be  made  for  ahort-term  taotloal  Installation. 

The  model  has  been  Implemented  on  an  HP982S*  desk-top  computer.  The  computer  code  Is  divided  Into 
modules  for  different  tasks.  Thaea  modules  oan  be  separated  Into  three  baslo  groups. 

The  first  group  of  modules  serves  aa  an  aid  In  the  aeleotlon  and  design  of  the  propagation  path. 
Antenna  heights  and  F  esnel-zone  olearenoes  as  well  as  antenna  azimuths  and  elevation  angles  are 
computed.  These  modules  of  the  computer  program  are  similar  to  the  corresponding  modules  of  ADSEH,  a 
computer  model  for  lower  frequencies  developed  earlier  by  Reuse  and  Wortendyke  [1]  at  the  Institute  for 
Telecommunication  Solenoes  (ITS). 

The  second  group  of  modules  combines  the  link  equipment  gain  with  the  predicted  oumulatlve 
distribution  of  propagation  losses  to  produce  a  predlotsd  cumulative  distribution  of  the  reoelved  signal 
level  (RSL)  from  whloh  the  system  performance  can  be  determined. 

The  third  group  of  modules  Is  composed  of  aodels  that  predlot  the  system  perforaanoe  baaed  on  the 
cumulative  distribution  of  the  RSL. 

A  ollaatologloal  data  baas  for  North  America  and  Europe  Is  inoluded  In  ETSEM.  The  parameteia  needed 
for  the  various  propagation  models  are  Interpolated  from  thla  data  base  using  the  geographic  coordinates 
of  the  midpoint  or  the  path  under  study.  This  greatly  reduoes  the  amount  of  data  required  when  analyzing 
a  communication  system.  If  desired,  the  ollmatologloal  data  oan  be  manually  entered. 

2.  SYSTEM  INSTALLATION  HODELS 

2.1  Earth  Oeometry  Module 

The  purpose  of  the  Earth  Oeometry  Module  Is  to  provide  tabulation  of  the  following  datai 
-tower  (or  potential  tower)  designation, 

-tower  base  elevations  above  mean  sea  level, 

-tower  location  (latitude  and  longitude), 

-the  great  olrcle  dlstanoe  between  towers, 

-azimuth  from  true  north  at  eaoh  tower  to  the  other  tower, 

-magnet lo  azimuths  at  each  tower  to  the  other  tower, 

-map  crossing)  l.e.,  the  latitude  and  longitude  of  the  points  where  the  path  crosses  speolfled 
map  boundaries, 

-distances  from  nap  aroaalnga  to  the  towers. 

The  model  used  to  compute  earth  geometry  Is  unavoidably  lnexeol  but  should  be  very  satisfactory  for 
engineering  llne-of-slght  paths.  The  Earth  Oeometry  Module  defaults  to  the  International  Spheroid  for 
these  calculations  but  provision  la  made  for  the  aeleotlon  of  other  spheroids.  Spheroids  In  use  today 
Include  the  Clark  Spheroid  or  1866,  the  Malayan  Spheroid,  the  Bessel  Spheroid,  the  Australian  National 

Spheroid,  and  the  International  Spheroid.  _ 

Tfl.  semi-major  and  -minor  axes  (In  kilometers)  of  the  different  spheroids  are  contained  In  ETSEM.  A 
map  showing  whloh  areas  of  the  world  are  baaed  on  the  various  spheroids  la  available  (2).  Thui,  for 


■The  use  of  trade  names  Is  necessary  to  Impart  relevant  Information  and  does  not  imply  a  produot 
«ndorara*nt. 
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gruater  accuracy ,  the  applicable  spheroid  constants  can  bo  used  In  any  particular  araa  of  the  world.  The 
spheroid  used  m  preparing  the  naps  froo  which  the  profile  values  are  taken  ahould  be  selected. 

Tha  model  used  for  the  computations  la  the  one  proposed  by  Thoeas  [3],  The  Initial  point  latitude, 
A.  and  longitude,  B,  as  well  as  the  terminal  point  latitude,  X,  and  longitude,  t,  are  entered.  The 

great  olrole  path  length  (km),  Si  azimuth  from  the  Initial  point,  uj  and  azimuth  from  the  terminal  point 

v,  are  oomputed.  The  program  assumes  positive  values  are  north  or  east  and  negative  values  are  south  or 
west.  The  azimuth  values  are  given  In  degrees  east  of  north. 

•l’'®"  •»  th.  latitude  and  longitude  of  the  points  where  the  path  oroesee  the 
boundaries  of  maps  as  specified  by  the  user.  They  are  oomputed  to  aid  In  determining  the  terrain  profile 

along  tha  path  froo  topological  maps.  The  latitude  or  longitude  of  a  map  boundary  Is  entered  and  the 

longitude  or  latitude,  respectively,  of  the  point  where  the  path  crosses  thm  map  boundary  la  oomputed. 
This  enables  the  drawing  of  the  path  on  Individual  topographical  maps  for  the  scaling  of  the  path 
profile.  r 


Map  crossings  are  computed  by  sucoesslvs  approximations  in  which  values  of  forward  azimuth  to  the 
map  crossing  point  are  oompared  with  the  path  forward  azimuth  to  provide  error  values  to  measure 
convergence.  If  values  of  latitude,  E,  or  longitude,  F,  of  the  map  boundary  are  given,  then  F  or  E 
respectively,  are  calculated.  * 


2.2  Path  Profile  and  Ray-Path  Module 

The  purpose  of  the  module  Is  to  help  provide  the  designer  with  accurate  information  about  the  radio 
path.  The  goals  are  optimum  selection  of  antenna  heights  and  the  preparation  of  foundation  information 
to  estimate  the  radio  path  reliability. 

Several  simple  models  are  used  to  find  parameters  that  are  required  in  various  steps  of  the  system 
design.  These  models  are  needed  to  calculate  ray  path  geometry,  Fresnel  zone  clearance,  minimum 
atmospheric  layer  penetration  angle,  mean  atmospheric  pressure  along  the  ray  path,  and  mean  height,  of  the 
ray  path  above  ground. 

In  modeling  ray  paths,  the  earth  and  atmosphere  are  often  Idealized  to  a  spherical  system.  A 
spherical  earth  is  assumed  and  terrain  h9ights  are  often  given  with  respect  to  sea  level.  The  atmosphere 
is  treated  as  having  a  spherical  structure  concentric  with  the  earth  so  that  atmospheric  parameters  are  a 
function  of  height  only.  It  1s  convenient  to  further  Idealize  our  concepts  and  model  the  refractlvlty  as 
proportional  to  height.  Under  these  conditions  a  ray  path  follows  the  arc  of  a  circle.  If  the  geometry 
la  then  distorted  so  that  the  ray  path  becomes  a  straight  line,  the  earth  remains  spherical  but  with  a 
different  radius.  Thus  we  may  conveniently  imagine  ray  paths  as  straight  lines  so  long  as  we  are  willing 
to  imagine  those  ray  paths  over  an  earth  with  an  "effective  radius."  The  efreotlve  radius  of  the  earth 
is  found  by  multiplying  the  true  radius  by  a  constant  called  the  k  factor.  The  factor  k  Is  dependent  on 
the  proportionality  factor  of  refractlvlty  with  height.  The  k  factor  is  a  common  way  of  describing 
atmospheric  conditions  and  has  a  typical  value  of  about  4/3. 

The  geometry  of  the  ray  path  Is  considered  In  section  4.2.15  of  MIL-HDBK-416  [4]  and  the  expression 
for  the  height  of  the  ray  path,  h,  In  meters  above  mean  sea  level  (msl)  Is  computed  as  follows: 

h  -  d2/12.75k  ♦  dt(h2  -  h,)/D  -  D/12. 75k)  *  h,  (1) 

where  hj  -  the  antenna  height  in  meters  above  msl  where  d  -  0, 
hj  -  the  antenna  height  In  meters  above  msl  where  d  -  D, 
d  -  the  distance  along  the  path  in  km, 

0  -  the  length  of  the  path  in  km, 
k  -  the  Earth* a  radius  factor. 

Because  the  ray  path  depends  on  the  k  factor,  some  clearance  over  obstacles  along  the  path  should  be 
Included  In  the  design  of  the  path.  This  clearance  is  usually  measured  in  Fresnel  zones.  In  MIL-HDBK- 
416,  section  4.2.13,  [4]  an  equation  Is  provided  for  calculating  the  nth  Fresnel-zone  radius,  Rn,  on  a 
plane  perpentlcular  to  the  path: 


where  f  -  frequency  In  GHz.  The  clearance,  C,  la  the  distance  between  the  top  of  the  obstacle  directly 
beneath  the  ray  path  and  the  ray  path  in  meters. 

The  number  of  Fresnel  zones,  n,  that  thi3  clearance  Is  equal  to,  is  given  by  the  following 
expression: 

n  -  -«««]-  *  10-3  (3) 

dD  -  <r 

For  all  entered  values  of  d  along  the  path,  the  clearance  is  calculated  In  units  of  the  number  of  first 
Fresnel  zones;  l.e.,  C/Rj  ,  and  the  minimum  value  along  with  the  corresponding  value  of  d  is  noted. 

Under  some  conditions  layers  form  in  tho  atmosphere  and  the  resulting  changes  in  refractlvlty  with 
height  can  cause  significant  changes  in  ray  paths.  The  direction  of  rays  are  more  easily  affectod  the 
shallower  their  angle  of  penetration  through  the  layers.  Some  Indication  of  how  susceptable  an 
installation  may  be  to  the  effect  of  layers  is  given  by  computing  the  minimum  angle  of  penetration  with 
respect  to  a  spherical  atmosphere  assuming  some  k  factor,  say  4/3. 

The  take  off  angle,  fj,  is  the  angle  between  the  horizontal  plane  and  the  tangent  to  the  ray  path  in 
the  great  circle  plane  at  an  antenna.  When  d  -  0, 
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If  B  <  0  and  <  0,  l.e.j  the  arrival  angles  at  both  ends  of  the  path  are  below  horizontal,  then  the 
minimum  angle  or  penetration  will  be  0  at  some  point  along  the  path.  If  |gj  <  the  nlnlmum  angle 
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of  penetration  lo  |Bj|  Tor  k  >  0.  If  |fi. |  >  !b2|,  the  minimum  angle  of  penetration  Is  U-l  for  k  >  0. 

A  .raoapherlc  pressure  is  an  Important  parameter  In  the  computation  if  dear  air  absorption..  To 
calculate  the  mean  atmospheric  pressure  along  the  path,  the  expression  for  pressure,  p,  as  a  function  o' 
altitude,  h,  in  meters  above  mean  sea  level  provided  in  List  [5],  p.  266,  Is  uaedt 

p  -  101.30  -  2.26h  x  10-5)5’2553,  (6) 

where  p  is  In  kilopascals  (kPa).  One  kllopascal  equals  '0  millibars.  The  mean  pressure  along  the  ray 
path  is  calculated  by  averaging  10  values  calculated  for  equidistant  points  along  the  path  for  k  -  U/3. 

The  tabular  outputs  of  this  module  Include,  for  various  k  factors  Input,  the  relevant  path  clearance 
values,  the  antenna  heights  necesssary  to  meet  specified  minimum  path  clearance  requirements,  and  a 
summary  of  the  path  profile. 

An  example  of  the  graphical  output  available  Is  shown  in  Figure  1.  The  path  terrain  profile  is 
drawn  and  ray  paths  (and  Fresnel  zones)  for  entered  k  factors  are  plotted. 

3.  PROPAGATION  MODELS 

3.1  Introduction 

There  are  many  propagation  effeots  that  may  degrade  the  performance  of  LOS-EHF  telecommunication 
systems.  Fortunately,  It  is  not  necessary  to  model  all  of  them  in  order  to  te  able  to  predict  the 
availability  of  the  communication  link.  Only  the  propagation  effects  that  essentially  determine  the 
cumulative  distribution  of  the  transmission  loss  need  to  be  considered.  In  addition,  since  It  Is  usually 
desired  that  the  system  be  available  more  than  90  percent  of  the  time,  only  the  propagation  effects  that 
contribute  to  the  greater  levelc  of  attenuation  that  are  exceeded  smaller  percentages  of  the  year  need  to 
be  included.  Thus,  for  example,  although  scintillation,  vhloh  normally  subsides  during  rain,  often 
attenuates  the  signal  by  several  deoibels  (dB),  it  does  not  contribute  to  the  level  of  attenuation 
exceeded  less  than  a  few  percent  of  the  year,  normally  caused  by  rain,  and  therefore  does  not  need  to  be 
included  in  order  to  predict  availability. 

All  propagation  models  used  predict  cumulative  distributions  of  the  attenuation  caused  by  individual 
propagation  effects.  These  distributions  are  combined  into  a  total  cumulative  distribution  of 
transmission  loss  for  small  percentages  of  the  year. 

Three  propagation  effects  were  modeled  because  together  they  essentially  determine  the  levels  of  EHF 
transmission  loss  exceeded  small  percentages  of  the  time  (less  than  10  percent  of  the  time).  These 
propagation  effects  are  rain  on  path,  multipath,  and  clear-air  absorption  by  oxygen  and  water  vapor. 

Attenuation  by  rain  on  path  Is  the  most  significant  threat  to  EHF  telecommunication  availability. 
Transmission  losses  In  excels  of  200  dB  may  oocur.  The  accurate  prediction  of  rain  attenuation  is  by  far 
the  most  essential  ingredient  in  predicting  the  availability  of  EHF  telecommunication  systems.  For  many 
paths,  predictions  based  on  rain  attenuation  alone  would  be  sufficient,  with  the  error  resulting  from 
excluding  the  other  propagation  effects  being  much  less  than  the  normal  year-to-year  variation  in  rain 
attenuatLon.  Dispersive  effects  by  rain  do  not  merit  modeling  for  bandwldths  leas  than  1  GHz  [6], 

The  severity  of  multipath  varies  widely  from  path  to  path  but  generally  the  narrow  beamwidths 
achievable  and  the  tendency  toward  shorter  paths  at  EHP’s  would  decrease  the  amount  of  multipath 
expected.  On  the  other  hand,  the  shorter  wave-lengths  afford  more  opportunity  for  destructive 
interference.  To  date,  there  is  not  enough  experience  to  evaluate  the  significance  of  the  contribution 
of  multipath  to  the  overall  cumulative  distribution  of  transmission  loss  on  EHF  paths.  Because  of  this 
and  because  multipath  can  result  in  fades  In"  excess  or dBr  1*  has  been  Included  as  one  of  the 
propagation  phenomena  modeled. 

In  addition  to  causing  fades,  multipath  also  causes  amplitude  and  phase  dispersion.  This  effect  of 
multipath  has  not  been  included  in  ETSEM  because  the  multipath  delay  times  expected  for  short  paths  and 
narrow  beamwidths  do  not  cause  enough  distortion  to  merit  modeling  for  bandwldths  less  than  50  MHz. 

Frequency  ami  space  diversity  improvement  for  multipath  fading  have  not  been  Included.  Because  rain 
attenuation  is  expected  to  account  for  eaaer.tlslly  all  the  outage  time  of  high  reliability  EHF  systems, 
diversity  is  not  a  cost  effective  way  of  Increasing  availability. 

Clear  air  absorption  by  oxygen  and  water  vapor  ranges  from  less  than  0.1  dB/km  to  more  than  15  dB/km 
depending  on  frequency  (10  -  100  GHz).  Because  the  contribution  to  the  total  cumulative  distribution  of 
transmission  loss  can  be  large,  a  clear  air  attenuation  model  has  been  Included  In  ETSEM.  Clear  air 
amplitude  and  phase  dispersion  do  not  need  to  be  modeled  for  reasonable  path  lengths  and  bandwldths  less 
than  1  GHz  [8] . 

Although  It  has  been  shown  that  attenuation  by  clouds  can  add  significantly  to  the  cumulative 
distribution  of  transmission  loss  on  earth-space  paths  for  frequencies  above  30  GHz  [9],  attenuation  due 
to  clouds  and  fog  have  not  been  Included  in  the  ETSEM.  For  most  terrestrial  LOS-EHF  paths,  cloud  and  fog 
attenuation  should  not  effect  the  availability  statistics.  In  addition,  there  is  not  a  model  available 
at  this  time  that  predicts  the  cumulative  distribution  of  attenuation  due  to  fog  (or  clouds  on  path)  for 
KHF's  as  a  function  of  path  and  olimatologloal  or  geographic  parameters. 

However,  there  may  exist  paths  in  fog-prone  areas  suoh  as  parts  of  Germany  or  elevated  paths  between 
mountain  tops  that  must  penetrate  a  significant  amount  of  oloud,  for  whloh  the  resulting  attenuation  does 
effect  the  availability  statlstlos.  It  may  be  that  fog  and  cloud  models  will  need  to  be  Included  In  the 
ETSEM  at  some  future  time  for  such  paths,  especially  at  the  upper  end  of  the  10  to  100  GHz  frequency 
range. 

Attenuation  by  snow  1s  so  much  less  than  attenuation  by  rain  [6],  that  It  does  not  need  to  be 
modeled  for  any  path  that  ts  designed  to  operate  reliably  during  Intervals  of  time  when  rain  Is 
possible.  For  this  reason  attenuation  by  snow  has  not  been  Included  In  ETSEM.  Of  course,  snow 
attenuation  sometimes  should  be  considered  for  any  path  being  designed  to  operate  under  conditions  when 
rain  la  not  possible  or  very  unlikely  and  considerable  snow  Is  expected,  such  as  winter  months  at  high 
latitudes.  However,  enow  la  less  of  an  attenuator  than  fog  and  therefore  Its  threat  to  availability  la 
not  difficult  to  overcome  in  even  the  snowiest  environment. 

Obstruction  fading  Is  caused  by  the  k  factor  (effeotlve  Earth  radius  factor)  becoming  so  small  that, 
in  effect,  the  Earth  bulges  up  and  blocks  the  path  so  that  It  1s  no  longer  LOS  for  the  radio  waves. 
Obstruction  fading  can  occur  for  SHF  and  EHF  links.  It  has  not  been  Included  in  ETSEM  because  a  link 
designed  with  adequate  Fresnel -zone  olearanoe  (for  an  effective  earth's  radius  factor  equal  to  2/3) 
should  not  suffer  obstruction  fading.  An  obstruction  fading  model  is  available  [10,  11]. 

Antenna  decoupling  occurs  when  the  k  factor  changes  enough  to  cause  the  angle  of  departure  or 
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•rn»»|  at  th*  transmitting  op  reoeivlng  antannas  to  ba  outtlda  tha  sain  lob*  of  tha  antanna  pattarn. 
TOaaa  angle*  ara  tha  sam*  for  SUP  and  EHF  radio  wavagi  however,  narrower  baaawldtha  ara  a  ora  easily 
achieved  for  tha  ahortar  uava-langth  nr  waves.  for  baaawldtha  graatar  than  about  0.0A  dag  par  ka  or 
P*tn  l«n«tn  Ultra  should  not  t*  a  dtortitt  in  *  vs  11  shinty  duo  to  antanna  dsooupiinn.  for  baawiaha 
nssr  this  vsluo  sort  osutton  should  bs  sxsrolssd  tl 23  to  dtttralns  If  furthar  lnvsstlistlon  of  tha  throat 
of  anttnna  dsooupllnf  to  the  link  Is  nso*sasry» 

Dafoouslng  oooura  whan  tha  rsfrsotlvs  Index  gradlsnt  la  atruoturad  along  tha  path  In  auoh  a  way  aa 
to  asuflo  ths  antanna  baaa  to  fan  out,  rtduoing  tha  amount  of  power  arriving  at  tha  reoelvlnc  antanna 
tU].  Dafoouslng  oooura  tor  SHF  and  EHF  fraquenolao.  It  should  not  affaot  availability  but  for  an 
occasional  probls*  path  that  la  located  near  frequent  and  extrema  ataoaphsrlo  layering. 

3.2  Rain  Attenuation  Nodule 

Thera  are  three  seoondary  models  In  the  rein  attenuation  module.  The  first  model  prediots  the 
cumulative  distribution  of  point  rain  rate.  The  eeoond  model  oonverts  the  cumulative  distribution  of 
rain  rate  Into  a  oumuiatlve  distribution  of  attenuation  for  the  path  (polnt-to-path  conversion)  using  the 
third  model  of  raindrop  site  distribution. 

The  model  of  point  rsln  rate  distribution  developed  by  Rloe  and  Holmberg  [14]  waa  aeleoted  because 
it  la  the  only  model  that  gives  tha  rain  rata  distribution  in  terna  of  commonly  recorded  ollmatologlcal 
parameters.  The  Rloe-Holoberg  modal  gives  the  amount  of  time,  T,  In  hours  that  thr  point  rain  rate,  R, 
In  ma/h  la  exaeeded  as 

T  -  M  (0.038exp(-0.03fl>  ♦  0.2(1-g)[*xp(-0.25bR)  ♦  1 ,86exp(-l .63R>] )  (7) 

where  H  1.  the  total  precipitation  In  mm  for  th.  tin.  period  and  8  la  tha  thundaratorn  ratio  parameter 
that  Indicates  what  fraction  of-thm- rainfall- is  from-convtotlv*_i,  tones.  Beoauae  monthly  predictions  of 
performance  ere  desirable  for  short  term  tsotloal  deployments,  monthly  distributions  or  rsln  rata  are 
needed . 

Unfortunately,  the  Rloe-Holmberg  model  gives  i  as  a  function  of  yearly  statistics  so  that  Its 
original  form  oanort  ba  used  to  predlot  nonthly  oumuiatlve  distributions  of  point  rain  rate.  An 
alternate  formulation  for  fl  is  needed, 

Hutton  [15]  used  the  Intuitive  formulation. 


g  •  U/D  (S) 

where  U  la  the  mean  number  of  days  with  thunderstorms  and  D  la  tha  mean  nuaiber  or  days  with  mors  than 
0.01  Inches  of  rain.  Slnoa  U  and  0  ara  available  monthly  statistics,  (B)  Is  a  usable  formulation  to 
predlot  monthly  emulative  dletrlbutlons  of  R. 

However,  the  question  arleas  of  how  good  an  eatlate  Is  (6).  This  question  was  addressed  by  taking 
ie  oltles  locate J  In  the  United  States  [16]  end  oomputlng  ths  yearly  8  according  to  the  original  Rloe- 
llolobcrg  model.  Using  these  values  as  "true”  values,  yearly  values  wars  calculated  using  (8)  and 
compared.  The  standard  deviation  of  thane  later  values  about  tha  original  ones  was  129  percent.  If  only 
original  values  of  g  graatar  than  0.15  (13  oases)  wars  used  than  tha  standard  deviation  was  93  percent. 
Thus  the  g  values  given  In  8  differ  algnlf loently  from  ths  original  Rloa-Holmbsrg  values. 

It  waa  notloed  that  tha  largest  deviations  ooourrad  for  ottl.s  with  small  M.  Therefore  a 
formulation  that  lnoludad  M  waa  triad  with  parameters  that  were  adjusted  to  give  tha  minimum  standard 
deviation.  Ths  resulting  formulation  Is  given  by 

g  •  (H/1800  ♦  0.16)UfD.  (9) 

The  standard  deviation  for  this  latter  formulation  was  A3  paroant  for  all  18  cities  and  31  percent  for 
tha  13  oltles  that  had  original  g  gr.ater  than  0,15.  Thus  tha  g  values  given  by  (9)  ara  In  better 
agreement  with  the  Rlce-Holmberg  values  than  th.  values  using  Dutton's  formulation  (8). 

Because  rain  Is  of  utmost  Importance  to  EHF  system  availability,  further  study  Is  Indicated  for  tha 
development  of  an  estimate  of  g  that  uses  commonly  available  monthly  ollmatologloal  atatlstloa.  Although 
It  la  unc.rt.ln  at  this  time  whloh  roraulstlon  for  g  Is  bast,  Equation  (9)  was  seleoted  for  use  In  ETSEM. 

A  modal  developed  by  Crene  [17]  Is  used  Tor  the  polnt-to-path  conversion  of  tho  point  rain  rata. 
This  model  waa  chosen  beoause  It  la  widely  known,  used  by  tha  CCIR,  not  too  oomplex,  and  has  been  shown 
by  Dutton  [15]  to  bs  one  of  the  better  models. 

It  ts  usual  to  model  the  epeotflo  attenuation  through  rain  by 

A  -  oR8  (10) 

where  a  and  g  depend  on  the  distribution  of  drop-sizes  and  on  the  radio  wave  frequency.  Tables  or  these 
parameters  have  been  computed  by  Olsen,  Rogers  and  Hodge  [18]  for  several  of  tha  more  popular  rain  drop- 
size  distributions. 

The  author  oompared  measurements  of  the  ratio  or  rain  attenuation  for  11. A  and  28.8  0Hz  on  a  2T  km 
path  In  Colorado  [6]  with  the  ratio  of  attenuation  that  would  ba  axpeoted  for  tha  different  drop-atxa 
distributions  using  the  parameters  oomputed  by  Olsen  et  al.  Ths  ratios  predicted  for  tha  distribution 
given  by  Joss,  Thyams,  and  Waldvogel  [19j  for  thunderstorms  agreed  best  with  ths  measured  ratios.  Ths 
parameters  or  Dutton  et  el.  [20]  that  are  given  ror  rive  olimate  regions  and  were  derived  from  a  survey 
or  measured  drop-size  distributions  were  llso  oompared  with  the  parameters  of  Olsen  et  al.  Again,  the 
joes  thunderatorm  parameters  showed  the  olosest  agreement,  falling  In  about  the  middle  of  the  range  of 
values.  Therefore  the  a  and  g  parameter*  for  the  Joss  distribution  are  used  In  ETSEM  for  (10).  This 
distribution  *1*0  saema  to  be  a  good  choloe  when  it  la  realized  that  for  many  looatlon*  thundaratora* 
product  th*  high  rain  rates  that  are  a  threat  to  high  availability  links. 

Thar*  la  a  range  of  sore  than  a  faotor  or  2  In  EHF  apeolflo  attenuation  for  th*  different  drop-site 
distribution*  used  by  Olsen  et  al.  and  u  rang*  of  a  faotor  of  A  for  vh*  different  olimate  region*  used  by 
Dutton  at  *1.  Thu*  there  I*  a  great  uncertainty  In  EHF  sptoiMo  attenuation.  This  uncertainty  is  th* 
most  critical  limitation  to  reliable  prediction  of  DIF  system  avillabtllty  Is  thtrtrort  ths  tret  or  most 
prtaslrg  need  for  further  research.  It  oould  well  be  that  drop-size  distributions  dspendsnt  upon  climate 
or  type  or  rain  will  need  to  u*  da/elopad  before  dependable  prediction*  or  th*  oumuiatlve  distributions 
of  EHF  attenuation  can  be  mad*. 
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1-3  Clear-Air  Absorption  Module 

Th«  modal  or  olear-alr  absorption  oan  be  broken  Into  two  parta.  Th*  first  part  la  Dus  to  moleauler 
o»y*sn  and  vsrlaa  with  ties  by  only  a  fav  psroant  (n  da.  In  tha  rang#  or  10  to  100  OH*  th#  absorption 
paaks  at  about  15  dB/km  naar  60  OH*  and  deoraaaea  to  laaa  than  0.1  dB/km  outalda  th#  rants  of 
appro«laat«ly  <5  to  75  OH*. 

Thu  aaoond  part  la  dua  to  watsr  vapor  and  accordingly  varl#a  widely  with  tliaa,  season,  and 
ollnat#.  Exoept  for  a  alight  lnoraaae  naar  22  CHt,  tha  absorption  Increases  froo  about  0.01  dB/ka/ g/o’ 
at  10  OH*  to  nearly  0.1  dB/km/g/m3  at  100  OH*  In  the  lower  ataosphare.  At  2i  GHs  tha  abeoptlpn  la 
approximately  0.0k  dB/km/g/m  \  since  tha  water  vapor  oontent  of  tha  atmosphere  oan  e*o»#d  50  g/m3,  th* 
attenuation  at  100  OH*  oan  b#  greater  than  5  dB/ka. 

0*1  Sen  absorption  for  frequencies  between  10  and  100  CHt  oan  b#  aoouratoly  eodaled  as  the  sue  of 
aore  than  *0  resonant  absorption  lines  around  60  OH*  and  a  nonresonant  oontlnuua  [21],  This  type  of 
aodellng  la  computation  Intensive,  Involving  tha  summation  of  over  *0  line  contributions ,  and  would 
require  a  prohibitive  aaount  of  computation  time  for  ETSEM.  A  stapler  model,  good  for  altitudes  below 
1.5T0  a  (15,000  ft.),  that  requlraa  approximately  two  orders  of  aagnltuda  less  ooaputatlon  time  was 
developed. 

Th*  aodel  1*  an  expansion  In  pressure  and  taaparatur*  of  the  apeolflo  attenuation  with  parameters 
that  are  frequenoy  dependent  contained  In  a  table.  Tha  expansion  for  the  speolflo  -v.enuatlon ,  a.  in 
dB/ka  Is 

a  -  a68,pS2exp(8362  *  a^P), 

where  P  Is  pressure  and  s  la  the  relative  inverse  teaperature  given  by  e  •  300/T  with  T  In  degrees 

Kelvin.  The  a,  0. ,  0,,  0  .  and  a h .  are  parameters  Interpolated  in  frequenoy  rrom  the  table.  These 

parameters  were  foirnd  “'by  Tlttlng  oxygen  absorption  predictions  [21)  for  frequencies  froo  10  to  100 

OH*.  When  tho  parameters  are  Interpolated  from  the  table,  (11)  glvns  speolflo  attenuations  that  agree 

within  6.5  peroent  of  those  of  Liabe  [21]. 

The  specific  water  vapor  absorption  model  for  frequencies  from  10  to  100  CHz  Is  simple.  It 
consists  of  a  water  vapor  oontlnuum  (21]  and  a  single  line  at  22  OH::  using  a  Lorentz  line  shape.  The 
speclfla  water  vapor  absorption,  a,  in  dB/km  Is  given  by 

a  -  0.1820fW"  (12) 

where  f  is  frequency  In  GHz  and  H"  la  the  Imaginary  part  of  the  oomplex  refractive  Index.  Now 

N“  -  N"t  -  N"0  (13) 

where  N"  la  the  oontrlbutlon  by  tha  22  OH*  line  and  N"0  Is  the  contribution  or  tho  water  vapor  continuum 
(due  to  higher  frequenoy  lines). 

Using  tha  Lorentz  line  shape,  * 

N«,  •  3T2/((  „  -  f)2  ♦  T2]  (11) 

where  ,  , 

3  -  0.112  *  0J  exp(2. 1*3(1  -  0)],  (15) 

T  -  28.1  (P0°‘8»  *.8eo)10'3  ,  l16) 

v-  -  22.23508,  (IT) 

and  e  le  th#  partial  water  vapor  pressure  In  kPa. 

Th#  water  vapor  continuum  Is  given  by 

N"0  -  Ct.lePB2,5  *  5*.1.V-5)  fio'6.  (18) 

Th*  oleer-elr  specific  absorption  la  modeled  In  ETSEM  aa  th*  sum.  of  a  constant  dry-sir  term  and  s 
random  water-vapor  term  for  eaoh  month.  This  Is  a  reasonable  approaoh  slnoe  the  abs/rptlon  by  oxygen 
only  varies  by  a  few  peroent  during  a  given  month  while  the  absorption  by  water  vapor  varies  by  a  much 
larger  percentage  for  most  locations. 

The  oonalant  for  dry-air  attenuation  is  found  from  th*  mean  temperature  and  pressure  for  th# 

month. 

Bean  and  Cahoon  (22]  modeled  the  cumulative  distribution  of  absolute  humidity  In  g/m3  by  giving  th* 
humidity  exccedod  10,  5,  and  1  peroent  of  th#  month  In  terms  or  th*  mean  absolute  humidity  for  th* 

month.  It  was  found  that  thee*  levels  corresponded  olosely  to  the  levels  that  would  be  exceeded  for  a 
normally  distributed  random  absolute  humidity  with  standard  deviation 

e  -  0.009*J  ♦  2.05,  (19) 

where  p  Is  th*  mean  absolute  humidity  for  th*  month  In  g/a3.  Thus,  th*  absolute  humidity  was  modeled  as 
a  normally  distributed  randoa  variable  with  standard  deviation  aa  given  In  (19), 

3.*  Multipath  fading  Module 

the  multipath  fading  model  of  Crumble  [23]  was  chosen  for  use  in  ETSEM.  Cromble’s  model  was 
developed  specifically  for  frequenoies  above  10  OH*  end,  for  the  data  base  used  to  develop  th*  aodel,  the 
standard  error  of  the  estimated  probability  Of  multipath  fading  greater  than  20  dB  was  80  times  smaller 

tnan  that  for  th*  more  widely  known  aodel  of  Barnett  [21]  used  In  ADSEM, 

Like  th*  Barnett  aodel,  Cromble's  mouel  Is  a  worst  month  aodel,  Th*  author  do**  not  know  of  any 
method  for  gosling  from  th*  worst  month  to  th*  othar  months  of  th*  y*ar.  Thus  th*  model  would  be 
expected  to  normally  overprtdlct  th*  amount  of  multipath  fading  for  an  arbitrary  Interval  of  months. 

The  formulation  of  Cromble's  model  eeleotsd  for  ET3EH  gives  th*  p*ro*nt,  B,  of  th*  worst  month  that 
multipath  attenuation,  A,  la  txceeded  as 
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•U>  .  100  X  «  a*-"*  ,  ,0.84  x  e 

where 

<J  •  pith  length  (km) , 
f  -  fraquenoy  (OK*), 

0  -  0-  x  0R  . 

h  •  Average  height  it  center  of  pith  (») , 

0-  *  baamwidth  of  transmitting  antenna  (or),  and 
-  baamwidth  of  reoelvlng  antenna  (or). 

3.5  Combined  Cumulative  Distribution  Moduli 
Onca  the  cumulative  distributions  for  tha  throe  propagation  effoote  are  determined.  It  Is  necessary 

to  estimate  the  overall  cumulative  distribution  of  tho  RSL  from  them  In  order  to  predlot  the  avallabUty 
of  tho  communication  system. 

Beoause  the  attenuation  due  to  water  vapor  associated  with  rain  can  be  quite  significant,  the  water 
vapor  and  rain  attenuation  distributions  were  added  together  j>y  adding  the  attenuations  exceeded  each 
percentage  of  the  year .  For  example,  to  estimate  the  attenuation  exoeeded  1  peroent  of  the  time  by  the 
combined  #f foots  of  rain  and  water  vapor,  the  attenuation  by  rain  exceeded  1  peroent  of  the  time  lo  added 
to  the  attenuation  by  water  vapor  exoeeded  t  percent  of  the  time. 

To  find  the  total  cumulative  .distribution  of  attenuation,  the  oomblned  rain  and  water  vapor 
attenuation  distribution  la  oomblned  with  the  multipath  attenuation  distribution.  Because  rain  and 
multipath  fading  usually  occur  at  different  times,  the  distributions  are  oomblned  by  added  the  amount  of 
time  each  attenuation  level  la  exceeded  In  eaoh  distribution.  For  example,  the  amount  of  time  that  10  dB 
attenuation  is  exoeeded  for  tho  total  cumulative  distribution  is  found  by  adding  together  the  amount  of 
time  that  multipath  attenuation  axoeeda  10  dB  and  the  amount  of  time  that  tha  combined  rain  and  water 
vapor  attenuation  exceeds  10  dB. 

The  combined  cumulative  distribution  of  attenuation  la  used  with  the  link  gain  to  compute  the 
cumulative  distribution  of  received  signal  level  (RSb). 

3.6  Climatological  Data  Bases 

The  user  of  the  model  may  Input  all  the  ollmatologloal  parameters  needed  by  the  individual 
propagation  models  or  may  have  them  taken  from  the  ollmatologloal  data  bases  for  North  Amerloa  and  Europe 
Included  with  the  model. 

The  data  bases  oontaln  the  latitude,  longitude  and  mean  atmospheric  pressure  for  aeleoted 
meteorological  observatlor  stations  and  monthly  mean  statistics  of: 

-atmospherlo  temperature  * 

-relative  humidity  or  water  vapor  pressure 
-total  precipitation 

-number  of  days  with  greater  than  0.01  lnoh  (or  0.25  mm)  of  precipitation) 

-number  or  days  with  thunderstorms. 

Data  from  132  and  150  atatlona  are  included  In  tho  North  American  and  European  data  bases  respectively 
[25-26], 

When  the  data  bases  are  used,  the  averages  of  the  transmitter  and  reoelver  latitude  and  longitude 

are  computed  to  estimate  the  latitude  and  longitude  of  the  center  of  the  path.  These  latitude  and 

longitude  are  then  used  to  "Interpolate"  from  tha  data  base. 

Tho  Interpolation  la  done  with  the  following  prooedure  where  all  distances  are  measured  In  degrees 

as  tho  square  root  of  the  sum  of  the  aquarea  of  the  dlfferenoe  In  latitude  and  longitude. 

1.  The  data  base  la  aearohed  for  the  oloseat  two  stations  In  eaoh  quadrant  about  the 
center  of  the  path.  Only  atatlona  within  8  deg  latitude  and  longitude  are  considered. 

2.  For  eaoh  rwuteorologloal  parameter  a  weighted  lenst  squares  fit  la  made  using  the 
weights  J/r  o-  i  If  r  <  1  where  r  Is  the  dlatanoe  of  the  station  from  the  oenter  of  the 
path.  If  thcro  ara  six  to  eight  stations,  a  second-order  bl-variate  polynomial  (six 
unknowns)  la  it*  on  longitude  and  latitude.  A  first-order  polynomial  (three  unknowns) 

Is  used  If  there  are  only  three  to  five  stations.  For  one  to  two  stations  the  value  of 
the  parameter  Tor  the  oloseat  station  la  used. 

This  method  of  interpolating  from  the  data  base  was  seleoted  because  of  Ita  simplicity.  The 
weighting,  order  of  the  poiynomlil,  and  maximum  dlatanoe  of  stations  from  the  path  were  all  examined  and 
selected  to  give  the  minimum  standard  error  when  Interpolating  mean  monthly  preolpltaclon. 

4.  SYSTEM  PERFORMANCE  MODELS 

4. 1  Introduction 

In  order  to  predlot  the  performance  of  a  communication  system  the  cumulative  distribution  of  the  RSL 
level  is  used.  It  la  determined  from  the  cumulative  distribution  of  transmission  loss  and  the  equipment 
gain.  Models  of  the  communication  equipment  performance  as  determined  by  the  RSL  art  then  used  to 
Predict  the  signal -to-nolae  ratio  for  analog  (FM/FDM)  systems  and  the  bit  error  rate  for  digital 
systems. 

4.2  Link  Equipment  Gain  Module 

The  purpose  of  this  module  la  to  provide  Input  to  the  program  about  the  radio  frequency  equipment 
and  to  compute  baaio  system  parameters  auch  as  the  antenna  galna  and  free  space  RSL. 

‘the  following  parameters  are  required  Input: 

1.  polarisation 

2.  transmitter  antenna  dlsmeter  (parabolic  assumed) 

3.  receiver  antenna  diameter 

4.  transmission  line  loss 

5.  dlplexer  and  power  splitter  losses 

6.  reoelver  noise  figure 
T.  receiver  bandwidth 

8,  transmitter  power* —  ----- -  —— 

The  free  space  transmission  loss  Is  calculated  as 


1.12 


-2.44 


(20) 
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*•„  -  92. *5  »  ’0  lo»|Q(fD)  (21) 

Uticro  r  13  tn«  rr«nu«noy  in  GHt  and  D  la  tha  path  length  in  k». 

the  antenna  gains  for  parahollo  antennaa  are  oaloulated  aa 

o-io  log10(m2d2/i2)  nBi  [221 

where  n  -  aperture  erflolenoy  -  0.55 
<3  -  antenna  dl ouster 

\  -  wavelength  (same  units  as  antenna  diameter). 

The  antenna  beamwidths  tor  parabollo  antennas  are  oaloulated  using 

B  -  10(2-2'5  ‘  0/20) 

where  G  la  the  antenna  gain  In  d&l . 

The  free  space  RSL,  S,  Is  computed  using 

S  -  Pt  *  Ct  .  Gr  -  Lt1  -  L„  -  Lfa  dBm.  (23) 

Where  Pt  -  transmitter  power  In  dBm 

Gt  -  transmitter  antenna  gain  In  dBt 

Gr  receiver  antenna  gain  In  dBl 

L  *  trftnd!,ls®lon  llno  (feeder)  loss  In  dB 

Ld  -  dlplexer,  filter,  and  power  splitter  losses  in  dB 

Lfa  “  »reo  space  transmission  loss. 

The  free  apace  ourrler-to-noiso  ratio  (C/N)  la  computed  using 

C/N  -  S  ♦  168  -  10  log10(B)  -  F  dB  (24) 

where  G  -  free  space  RSL  in  dBm 

B  -  the  narrowest  carrier  or  IF  filter  bandwidth  In  MHz 
F  -  receiver  noise  figure  In  dB. 

*1.3  Analog  Modulation  Performance  Modules 

There  are  two  analog  modulation  performance  modules.  The  purpose  of  the  first  module  Is  to  compute 
the  FM/FDM  elngle-reoel ver  transfer  rharaoterlstlo.  The  purpose  of  the  second  Is  to  compute  the 
availability  of  an  FM/FCM  system. 

The  quality  of  the  FM/FDM  system  is  evaluated  In  terms  of  the  S/N  In  the  worst  channel  (usually  the 
highest  baseband  channel).  From  equipment  parameters  input  by  the  user,  noise  components  are  calculated 
and  added  together  to  oompute  the  worat- voice-channel  S/N  as  u  function  of  the  RSL  (transfer 
characteristic) . 

In  gonoral,  the  noise  sources  are  thermal  noise,  (receiver  front  end  noise),  echo  noise  (echo- 
delayed  signals  due  to  transmission  line  impedanoe  mismatched),  and  nonlinear  noise  (distortion  due  to 
nonllnearltles  in  the  modulator  or  demodulator  and  multipath  effects).  The  sum  of  the  total  feeder  echo 
nolso  and  equipment  Intermodulatlon  noise  Is  called  the  time  Invariant  noise  since  these  noise  components 
do  not  dopend  on  path  loss  variability.  This  tlmo  Invariant  noise  Is  normally  the  dominant  contribution 
Tor  the  relatively  high  signal  levels  near  the  long-term  median  RSL  for  whloh  the  thermal  noise  Is 
normally  low. 

Ths  most  significant  parameter  Influencing  analog  radio  link  design  Is  the  voice  channel  S/N.  It  Is 
defined  os  10  times  the  common  logarithm  of  the  ratio  of  an  RMS  single-tone  signal  power  (usually  1000  Hz 
and  at  such  a  level  that  the  sine-wave  voltage  peaks  are  roughly  equal  to  the  voltage  peaks  In  a  signal 
developed  by  a  telephone  talker)  to  average  nol&o  power  In  a  300  to  3^00  Hz  bandwidth. 

In  a  wideband  communication  system  in  wnioh  many  voice  ohannels  are  fraquenoy-dl vision  multiplexed 
into  a  baseband  signal  that  extends  over  a  jar.ty  spectrum,  It  Is  necessary  to  bo  able  to  analyze  the 
performance  of  any  voloe  channel  In  the  band.  However,  only  the  channel  occupying  the  highest  frequency 
position  in  the  baseband  Js_ usually  analyzed  slnoe  Us  quality  Is  expected  to  be  the  poorest  of  the 
channels  because  of  Its  lower  modulation  index,  even  with'pr*8-efflphaAls. 

Pre-emphasis  is  applied  In  moat  radio-relay  systems  to  compensate  for  the  higher  nolae  power  in  the 
upper  voice  channels.  The  level  of  the  upper  frequencies  of  the  basoband  la  tnoreeed  while  the  level  of 
the  lower  frequencies  is  decreased  before  modulation  is  effected,  tt  Is  done  In  euoh  a  way  that  the  mean 
power  of  the  baseband  signal  Is  the  same  with  or  without  pre-emphasis.  The  CCIR  128]  has  standardized 
the  frequency  characteristic  of  the  pre-emphasla  for  all  types  of  broadband  systems.  Between  the  lowest 
and  highest  voloe  channel,  the  pre-emphasis  il.e.,  the  difference  In  level)  U  8  dB. 

For  purooses  of  system  noise  calculatin'  ' ,  th  r  il  noise  le  defined  as  noise  from  all  aouroes  in  a 
channel  when  there  1s  no  modulated  signal  ,•«  'rent  » >  any  of  the  channels  In  the  microwave  system.  By 
this  definition,  thermal  noise  includes  at*,.*;  .Mo  and  cosmic  noise,  and  all  Intrinsic  and  thermal  noise 
produced  In  the  equipment  when  no  modulation  xs  present.  Thermal  noise  is  measured  in  a  channel  with  all 
modulation  removed  from  all  channels  of  the  system. 

The  signal -to-thermal  noise  ratio  In  an  FM/FDM  system  is  related  to  path  Lose  variability.  Aa  the 
path  loss  on  a  link  beoomee  low*  l.e.,  the  received  signal  level  beoomea  high,  the  baseband  thermal  nolee 
is  relatively  quite  low.  As  received  signal  level  decreases  toward  FM  threshold,  tne  thermal  nolae 
becomes  ntgher.  signal -to-thermat  nolae  ratio,  S/Nt,  in  a  voice  Chennai  Is  proportional  to  raoelved 
signal  level,  Pp,  or  oarrler-to-nolee  ratio,  C/N.  In  the  region  nbove  FM  threshold,  3/Nt  may  be 
expressed  in  several  forms  [29],  for  example* 

3/Ht  -  Pp  •  20  log)0  -  t0-io,,0(kTbo  «  103) 


O.g  (23) 


r.*  1K  (26) 
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S/Nt  -  C/N  *  20  log  *  10  log  -J«-  *  1  (27) 

n  o 


4F  -  ({f)(10PE720}(t0LF/20) 

kHz 

(28) 

LF  -  -10  ♦  log1o(n) 

dB 

(29) 

where  P  »  received  carrier  level  in  dBm 
6r  -  roe  per  channel  deviation  In  kHz 
fa  •  hlgheot  modulating  frequency  in  the  baseband  In  kHz 
k  -  Boltzman’a  constant,  1.3804  x  10“20  mllllJoules/K 
T  •  antenna  temperature  taken  to  be  290  K 
bc  ~  usable  voice  channel  bandwidth  taken  to  be  3.100  kHz 
r  -•  receiver  noise  figure  In  dB 

IE  -  emphasis  Improvement  (4  dB  with  emphasis  and  0  without) 

C/N  -  predetection  carrler-to-nolse  ratio  In  dB  (N  la  the  reoelver  front  and  thermal 
noise  power  In  the  same  units  as  Pp 

B.p  .  receiver  IF  bandwidth  In  kHz  -  2(AF  »  f  ) 

AF  "  peak  oarrler  deviation  in  kHz  111 

LF  -  rms  noise  load  factor  in  oB 
n  -  number  of  voice  channels  In  baseband. 

The  value  of  Pp  at  which  thermal  noise  threshold,  TH,  occurs  is  given  by  the  equation! 


Pr(TH)  -  -144  »  10  log10(BJF)  ♦  F.  (30) 

The  value  of  Pp  at  which  FH  threshold  oocur3,  FMTH,  isi 

Pp(FMTH)  -  Kt  *  Pr(TH)  (31) 

where  -  10  without  threshold  extension  and  K-  -  3  with  threshold  extension. 

The  terms  of  the  right-hand  side  of  (26)  with  the  exception  of  Pp  say  be  oaloulated  for  a  given  set 
of  equipment  parameters,  This  then  becomes  a  constant— a  figure  of  merit— and  as  P_  Is  allowed  to  vary, 
the  voice  channel  S/N  varies  In  proportion.  Using  this  Information,  a  reoelver  tnermal  noise  transfer 
characteristic  or  "quieting  curve"  may  be  constructed,  where  its  slope  Is  uniquely  determined  by  either 
(26)  or  (27)  for  conditions  above  FM  threshold. 

Equipment  intermodulation  noise,  for  the  purpose  of  the  system  noise  oaloulatlona,  la  defined  aa  the 
total  noise  from  all  sources  produced  as  a  result  of  the  presence  or  a  modulated  signal  in  the  system 
except  feeder  eoho  noise.  Intermodulatlon  noise  Is  measured  In  a  channel  with  all  modulation  removed 
from  the  ohannel  being  measured,  and  with  all  remaining  ohannels  loaded  with  actual  traffio  or  with  an 
equivalent  amount  of  white  noise  over  a  specific  bandwidth.  The  Intermodulatlon  noise  power  In  the 

ohannel  Is  then  equal  to  the  measured  total  noise  with  modulation  present,  lesa  the  measured  thermal 

noise  with  no  modulation  present. 

The  values  of  noise  power  ratio  (NPR)  in  the  ohannel  having  the  worst  S/N  must  be  obtained  rroo 
either  equipment  parformanoe  speoU lost Iona  or  carefully  controlled  testa.  The  speolflo  loading 
conditions  and  received  signal  level  (RSL)  must  be  known  for  each  NPR  value.  Of  particular  laportanoe, 
Is  the  NPR  value  corresponding  to  the  optimum  RSL  fer  a  particular  EHF  radio. 

If  Information  is  not  available,  an  NPR  value  of  55  dB  obtainable  using  new,  quality  equipment  la 
probably  the  highest  value  that  can  be  assumed  for  the  Initial  estimate.  A  pre-emphasis  Improvement  of  4 
dB  In  the  worst  channel  Is  usually  assumed  Included  In  the  NPR  value. 

The  noise  power  ratio  can  be  converted  to  an  equivalent  noise  ohannel  signal -to-equipnent 

Intermodulatlon  noise  ratio,  S/Na,  and  additionally  to  equipment  Intermodulatlon  noise,  N(i 


S/N. 


10 


NPR  ♦  10  log10(Bb/bo)  -  LF 
(90  -  S/Nf)/1Q 


f«-f! 


where  f.  •  uppor  baseband  frequency  In  kHs 
r  ■  lower  baseband  frequency  In  kHs 
b  •  nominal  veloe  channel  bandwidth,  3-1  kHs 
Ilf  »  rms  load  faotor  In  dB  (see  equation  29). 


dB 


(32) 

(33) 

(34) 


In  these  noise  oaloulatlona  flat-weighted  noise  will  be  used  for  esse  In  handling.  If  the  designer 
desires  to  use  other  noise  weightings,  appropriate  factors  say  be  lnoludsd  at  tha  conclusion  of  tilt 
design  procedure. 

If  a  transmission  Una  many  wavslangths  long  la  mlsmatohad  at  both  tha  generator  and  load  anda.  Its 
frequanoy-phase  rsaponae  la  linaar  with  a  small  sinusoidal  rtppla,  and  thla  itsdm  to  reflected  wave*  in 
the  Una  that  oause  distortion  of  an  FFH  signal.  This  type  of  distortion  la  mors  oonvanlantly  considered 
as  being  oaused  by  an  aoho  signal  generated  in  a  alaaatohad  Una,  whioh  results  In  Intermodulatlon 
distortion.  Significant  lavala  of  thla  type  of  Intermoduletton  nolee  ere  reached  when  the  wave- guide 
lengths  exoesd  approximately  20  meters  par  Individual  antanna,  or  30  asters  total  per  hop  (4), 

For  EHF  equipment  It  should  seldom  be  necessary  for  waveguide  lengths  to  ssomed  t  meter,  the 
resulting  eoho  deity  times  of  less  then  6  nenoeaoonda  should  not  oontributs  slgnlftosnt  Intermodulatlon 
noise  for  most  bendwldtha.  Detelled  Information  about  waveguide  type  end  velocities  should  therefore  not 
be  nsoeasary  axoapt  for  wide  bandwlrtths  greater  then  approximately  30  MHi 

Feeder  Intermodulatlon  nolee,  Nf,  nay  be  cpproxlmeted  given  transmission  line  lengths,  velocity  of 
propagation  In  tha  Unas,  transmission  system  component  voltage  standing  wave  ratio's  CVSMR)  or  return 
louses,  transmission  ltns  losses,  and  dlrsotlonal  loosss.  The  calculations  are  performed  separately  for 
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each  end  of  a  link)  l.«.,  transmitter  a no  receiver,  and  tha  raaulta  art  summed  to  determine  ths  total  hop 
contribution. 

To  oaloulat*  Hf  In  tha  worst  ohannal.  tna  to  ho  delay  tine,  T  la  flrat  calculated  froa  tha 
transmission  line  length,  L,  in  net. ere  and  tha  veloolty  of  propagation,  V,  in  naters/aeoond  ualngi 

T  •  2L/V  aaoonda  (35) 

where  raaeonable  default  value*  for  V  are  195,000,000  and  225,000,000  for  elliptical  and  rectangular 
waveguide,  respectively. 

The  echo  delay  tiee  la  then  converted  to  radian  delcy  ualngi 

80  *  2,fnT  *  '°3,  (36) 

where  fa  la  the  highest  aodulatlng  frequency  in  tha  baseband.  The  echo  power,  r,  relative  to  the  signal 
power  is  given  by  the  expression  [t)t 


r  -  RL4  ♦  RL^  *  2*u  (37) 

where  r  -  nuaber  of  dB  that  echo  la  down  froa  the  signal  power 
•  tranaalaalon  line  loaa  In  dB 

RLt  •  return  loss  (dB)  at  tha  interface  between  the  tranaalaalon  line  and  either  the 
tranaaitter  or  receiver  aa  applicable 

RLa  >  return  loaa  (dB)  at  the  Interface  between  the  tranaalaalon  line  and  the  antenna. 


This  aodel  wasuaea  that  all  discontinuities  In  the  interaedlate  aeotion  of  thi-  tranaalaalon  line  between 
the  tranaaitter  or  receiver  and  the  entenna  are  negligible. 

if  parar.eters  other  than  return  loaa  are  provided  suoh  aa  the  VSNR  or  the  voltage  reflection 
ooefflolent,  p,  they  oen  be  oonverted  to  return  loaa,  RL,  using  the  following  expreaaionai 


P 


VShR  ♦  1 


(38) 


RL  -  20  log10(1/p). 


(39) 


The  power  In  tha  echo  cannot  totally  be  considered  aa  dtatortlon  power,  D,  unlese  the  eoho  delay  la 
large.  To  obtain  the  value  of  the  signal -to-dlstortl on  ratio,  S/0,  a  parameter  A  auat  be  detcralnedi 


A  *  -K-  x  1020  (AO) 

la 

or  alternatively, 

A  »  *  (n  ♦  tofc  (Ilk 


where  tha  variables  have  been  defined  earlier  [see  26  and  27). 

Tha  signal •to-dtatort ion  ratio  ainus  the  echo  power,  (S/D  -  r),  can  now  be  approximated  £l)  aa  the 
greater  of  f,  and  r-  vPerei 

fj  •  7.1?  -  8.21  In  (A)  *  »0  log  (t/»0)  («» 

f2  *  9. *12  -  S».8*A  *  HJ.2A*  •  88.5A*  *  31.52A*  -  *-239A?.  f*3) 

The  oaleulatloaa  of  eoho  attenuation  (separately  for  transmitter  and  receiver)  outlined  above  oen 
now  be  oonverted  to  voice  channel  no  lee.  To  do  thte,  the  total  eoho  attenuation,  r,  ta  added  to  tha 
value  Qf  (s/o  -  r)  obtained  froa  (»2)  and  (t))  above.  This  results  in  toe  signal-to-diatortion  ratio, 
8/0,  which  auat  be  oorrooted  for  tha  ratio  of  baseband  to  voice  ohannal  bandwidth  and  for  tha  RMS  load 
factor.  Tha  voice  ohannal  signal  t«  feeder  eoho  nets*  ratio  baoomiai 

•  VB  •  te  I0g10  g*  ■  Lf  •  Xg.  <»*) 

*/  ' 

The  ooavereion  to  flat-weighted  no  tea  is  ae  renewal 


B/iff  »  10<W  *  pMO,  (SB) 

The  faragou*  reader  ewse  aoiaa  pel  owlet  loaa  are  performed  separately  for  seen  sad  of a  hoe  and  are 
aimed  to  five  a  total  link  reader  esho  j*>i*e  contribution. 

tn  the  PM/iw  link  a«ai .ability  moamw,  the  required  performance  level  along,  urn  tha  a.ngie 
reoolvar  transfer  durmotefiaile  and  the  owmutatlva  dlatrtaution  of  hit,  are  uaaa  it  oompwte  the 
availability  of  th*  link)  I  .a.,  the  fraotloo  cf  time  Wat  tha  g/k  of  tha  tore'.  oKanel  la  above  tha 
rttuirti  iiAiMit 

On  the  keels  of  a  hypothec  lee.  referemoe  olrouit.  WLtTOf*  188-300  ‘  J0J  in  psriareph  a.J.J.l.i 
allceetea  a  mania  s f  3.13  M*0/h*  median  noisr  level  in  tha  nniaiaat  votae  sheers  1  due  to  radio 
apulpaaM  one  prep  nation.  This  vales  traaelatee  to  approx  imetaiy  ).l  ptfd/e  (fiu  weighing),  tn  crdxr 
ta  provig*  a  gaatgn  objective  this  value  was  select  ad  aa  a  -.angard  of  emtiog  link  quality.  The  3.2 
WO/hn  value  aaana  ta  be  coast  stent  with  ecu  ()l)  end  industry  stem dares  fo  high  perf.vmenoe  links 
(32).  Moat  of  this  noise  elloeetloa  is  aaaigmad  to  .gulpaent  noise  ansa  thermal  noise  ta  a  small 
aangoaan*  at  the  meais*  signal  level,  it  should  not  owes  for  alere  i  an  lndivi«->.\  link's  madia/, 
nolaa  tevnl.gaa*  nab  mil  vital*  this  aalas  silo*  m  si  see  it  is  the  lUmxetieo  of  the  median  aoiae 
vnluaa  far  aU  tha  liakh  as  s  raute  that  U  tmpartaat. 
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Far  ehort-tera  perforaanoe  considerations,  the  uxlnue  allowable  flat  weighted  noise  is  $00,000  pWO 

In  the  worst  ohsnnal,  MIL-STD-188-313,  sec.  4. 1.2. 1.1. 2  [3.3] •  This  value  corresponds  to  a  value  of  S/N 

in  the  worst  channel  of  33  dB.  The  S/N  ratio  is  allowed  to  fall  below  33  dB  for  no  aore  than  10  atnutes 
per  year  (approxlaately  2  ain  during  the  worst  aonth  [4],  which  is  equivalent  to  an  average  availability 
of  0.99998  of  the  yea r.  The  value  of  0.99998  is  used  in  ETSEH  for  all  tine  periods. 

The  allowable  long-tern  noise  level  'in  the  worst  channel  is  calculated  using: 

N  ■  3.2L  pWO  (46) 

where  L  is  the  path  length.  The  predloted  long-tern  noise  is  oaloulated  using: 

N  -  Nt  ♦  N,  ♦  Nf  pMO  (47) 

where  the  long-terw  theraal  noise  is  found  free  (26)  using  the  long-tern  aedian  RSL  and  N.  and  N.  are 
found  froe  (33)  and  (45). 

The  allowable  short-tern  wise  and  availability  are  fixed  as  500,000  pWO  and  0.99998  in  aooordanoe 
with  the  design  objeotives  presented  above.  The  predioted  availability  is  found  in  the  following  aanner 
using  the  ooabined  ounulative  distribution  of  RSL: 

1.  Using  (47)  and  (26)  the  SSL  corresponding  to  500,000  pWO  of  noise  in  the  worst 

ohannel  is  found. 

2  This  RSL  is  used  to  oenpute  the  availability  as  follows: 

a.  it  this  RSL  is  greater  than  the  greatest  RSL  in  the  ooabined  dlstrublton  then 
the  availability  is  less  than  the  loweat  availability  of  the  distribution 
(about  0.9)  and  a  aassge  to  thia  effeot  is  lnoluded  in  the  output. 

b.  If  thia  RSL  is  lass  than  the  lowest  RSL  in  the  ooabined  distribution  then  the 
availability  is  greater  than  0.999999.  In  this  oasa  an  availability  of 
0.999999  ia  taken  and  a  new  worst  ohannel  ehort-tera  noise  level  leas  than 
500,000  pWO  is  ooaputed  for  the  RSL  frea  the  distribution  corresponding  to  an 
availability  of  0.999999. 

o.  If  neither  oondltion  in  a  or  h  is  aet,  then  the  RSL  is  used  to  interpolate 
the  availability  froa  the  ooabined  distribution.  Linear  interpolation  is 
applied  to  the  ooaaon  logarltha  of  the  percentage  of  tlae  the  signal  is  below 
level . 

The  allowable  fade  aargln  ia  fixed  at  30  dB  as  a  design  objective.  The  predioted  fade  aargln  la 
calculated  as  the  long-tera  aedian  RSL  ainus  the  RSL  corresponding  to  the  ahort-tera  noise  level. 

4.4  Digital  Modulation  perforaanoe  Module 

The  purpose  of  this  aodule  is  to  predict  the  availability  or  digital  links:  i.e.,  the  fraotion  of 
tlae  that  the  bit  error  rate  (BtR)  la  leas  than  lost  required  perforaanoe  standard.  This  ia  perforaed  by 
aeaualng  a  standard  shape  for  digital  reoelver  transfer  oharaoterlatlos  end  adjusting  the  level  aooordlng 
to  equlpaent  specifications.  The  RSL  required  to  Best  the  perroraence  specif loatlona  is  then  found  froa 
the  specific  digital  receiver  transfer  characteristic.  This  RSL  la  then  used  to  rind  the  availability 
froa  the  ooabined  distribution  or  the  RSL. 

M1L-STD-1M-322  C34]  states  that  for  the  LOS  digital  aiorowave  systaaa:  "It  is  a  design  objective 
to  have  a  30  d»  alniaua  fade  aargln  on  all  paths.  U 1  radio  links  are  required  to  have  a  alnlaua  annual 
path  availability  of  0.99995  for  aaintaining  a  bit  error  rate  of  3  x  lo'*  for  operation  below  10  (Ms. 
ill  radio  links  are  also  required  to  have  a  alnlaua  annual  path  availability  or  0.99998  tor  aaintaining  a 
bit  error  rate  of  1  a  10’*. • 

In  RTSMi  these  design  objeotives  ere  extended  to  too  GHs.  Only  the  ahort-tera  requlreaent  of  a  path 
availability  of  0.99995  for  URa  leas  than  5  x  10'*  has  been  taaluded  in  KTStM.  Long-tera  or  aedlen  path 
perforaanoe  (for  error  rates  substantially  leas  than  5  x  10'*)  are  not  aeanlngful  slnoa  suoh  low  error 
rates  are  generally  a  function  of  equlpaent  perroraence,  not  propagation  effects , 

Although  the  BtR  threshold  will  vary  for  various  types  of  digital  receivers,  the  shape  of  the 
transfer  characteristic  will  generally  reaaln  the  seas  In  the  presence  of  Oauesian  noise  [35]  for  systaaa 
ding  orthogonal  aodulatlon.  Tho  equation  for  the  reoelver  transfer  characteristic  is: 

1  Pr/i0 

HR  •  |  erfo  kj  x  10  r  (48) 

where  the  constant,  kg,  Is  equlpaent  dependent .  The  error  function  eoapliaent,  erfo,  is  found  free 


erfo(e)  •  1  •  erf (x)  (49) 

where  the  error  fisvotlon  is  evaluated  uelrg  so  capaneten  ( W). 

'  The  constant  kg,  la  round  froa  equlpaent  specifications  that  give  the  UR  at  a  reference  RSL,  Rp. 
STUM  dose  tht*  by  tiaru'.ively  adjusting  k0  until  (48)  gives  the  reference  BtR  for  the  reference  ML. 

The  allowable  short-tare  Us  and  availability  are  fixed  in  1TMH  as  5  x  10**  and  0.99995  in 
see argaaeg  with,  the  design  objectives  presented  above.  The  predioted  availability  is  found  is  the 
fallowing  a sneer  using  the  ooabined  euaulative  distribution  of  RRLi 
-  .  I.  the  ecantaot,  il,  ia  first  found  as  dismissed  above. 

i.  The  i*.  eerreegeading  to  the  allowable  ahort-tera  an  is  than  found  ay  iteratively  solving 
m  for  p_,  v. 

3.  This  Kit,  is. .than  ue*4  to  eaapute  the  availability  in  the  swm  aanner  as  described  far  male# 

The  sUewatld  rads  aargia  la  ft  pad  at  )0  43  as  a  design  objective.  The  predieted  fade  aargln  is 
aaieuipdsd  as  the  laagnam  asdUn  RM.  ainus  tbs  RSL  corrsspondlag  to  the  short  Hera  allowable  MR  as 
fsuad  la  stag  t  abb*s, 

1.  mmttt  ■  n 

Mi,"  Wtr  baiasaas wi  I  sat  lea  gyetsa  tngtaaprlng  Modal,  baa  beds  developed  to  aid  m  tas  eagtaeering  of 
ltae-ef -eight  telasasguslaatlsa  syataaa  froa  10  to  too  OWs.  The  aodel  haa'  teas  laglsaeated  ea  aa  RP  9**» 
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desktop  ocaputar  and  uses -equlpaant  specifications  and  models  or  propagation  effects  to  predlot  the 
perforaenoe  (availability)  of  tha  link. 

The  duauletlve  distribution  of  tha  bit  error  rate  for  digital  links  and  the  emulative  distribution 
of  tha  worst  oftamel  signal -to- noise  ratio  for  FH-FDM  links  are  predioted.  Those  measure#  of  performance 
are  predicted  for  any  Interval  of  aonths  out  of  the  year. 

The  aodel  Includes  several  innovations  and  anhanoaaenta  over  previously  existing  aodele.  One  of 
these  la  tha  ability  to  predlot  eonthly  statistics  of  perforaanos  Instead  of  lust  annual.  This  required 
the  eodlfloatlon  of  the  Rloe-Holaberg  aodel.  Another  feature  is  a  new  aodel  of  attenuation  due  to 
ataoapherlo  oxygen  in  the  fora  of  an  expansion  In  pressure  and  teaperature. 

Work  Is  prsasntly  being  done  at  ITS  to  Install  ETSOt  on  tha  IBM-AT  ooaputer  and  to  add  the  following 
enhanoeaentst 

1.  Extend  the  upper  frequency  range  froa  100  0Hz  to  300  QHz. 

ti  Extend  the  ollaatologloal  data  base  to  lnoluda  the  Middle  East,  South  East  Asia,  Korea  and 
Japan. 

3.  Add  the  oapabillty  to  predict  the  perforaanoe  of  FSK  nodulated  digital  systeas. 

I.  Add  the  oapablity  to  predlot  tha  perforaanoe  of  earth-spaoe  links. 
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Figure 


Example  path  profile  and  rav  tracing  plot  of  the 
terrain  profile  and  ray  path  uidule. 


Table  i  .  Exairnle  Output  of  the  Combined 
Distribution  Module 


OiitnhutlO  of  W.  m4  C/N 
Lm  Mill  (•  faciivor  P*lh 


Tim  Far i«e 
Corrlar  fro^MMy 
Poll*  LMflh 

Fro  Sp m<  Trot.  tail  <481 

Fro  V««  *9. 

Fro  tyaci  ON  (F8> 

Mim  Ctor  Fir  Mlw.  ld*J 

lO'*'«r«  htdio  Trot.  l*M  IdiJ 
Uftf-toa  n»dim  VM 
Uwj-tira  flOiM  *St 


Jwi  -  Jun 
42.999 
17.31 

149.41 

.4.19 

42. N 

1.91 

191.44 

4t.M 

.91.11 


PocmI  Bf  Tim 

goto  lOicitad  RSL 

Tio 

11.1474  9 

77.3!  hr 

9.0474  9 

J4.31  hr 

J.0J99  % 

14.41  Hr 

I. 1124  9 

7.71  hr 

t.9119  I 

J.4I  hr 

I.2III  1 

1.44  hr 

Mill  « 

47.21  ufl 

I.MM  9 

21.11 

I.I2II  1 

1.44  sift 

Mill  1 

4.72  tin 

1.141  1 

2.10  BIB 

0.1121  1 

91.14  l« 

Mill  1 

29.97  *o 

1.114  I 

12.94  • 44 

MII7  « 

9.11  IN 

Mill  1 

2.99  in 

PSL 

C* 

•91.11  48b 

4I.M  48 

•91.11  4Bb 

49. M  41 

•91.39  48b 

41.41  41 

•47.92  48b 

29.47  48 

•72,29  oBb 

11.79  48 

-17.17  «8i 

3.12  48 

•97  *9  48b 

•4.94  <4 

•111.41  48b 

•19.49  4* 

•14). 94  48b 

•91.17  48 

•144.21  48b 

•*.29  dl 

•14.21  49b 

•H.29  4 

•714.94  48i 

-119.99  dl 

•271.17  48a 

-131.18  48 

•234.41  48» 

•143.71  40 

•291.99  4Bb 

-199.49  41 

-243.31  48* 

-171.31  41 
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Received  Signal  Level  (dBm) 


FM/FDM  Equip*ent  Transfer  Characteristic 
Lee  Hill  to  Receiver  Path 


Figure  2  .  Example  output  of  the  FM/FDN  single-receiver  transfer 
characteristic  module. 

Table  2.  Example  Output  of  the  FH/FDH  Link 
Performance  Module 


FR/fW  Link  ftrforaonet 
loo  Hill  to  ftoctivor  Path 


SyotM  Tyft  nvfon 

Pith  Uny th  <k.)  17.  J 


Lony-tara  Oiotrifeition  Poronotor*! 

Liny-tort  nod i on  C/N 
lony-tort  Rodion  RSL 
Cpuipmot  feioo  S/N 
Xotr  Foddor  i rtv  Ml 
tevr  Ftodor  Echo  S/H 
Tbornol  Ml  -  OH 
Copooi*  Inprovo— nt 
PerWTHJ  -  P(TM) 


(dB) 

4«.» 

(dte) 

. 

-Hal 

(dB) 

44.11 

<dS) 

11.44 

(dB) 

71.44 

(dB) 

21.  N 

(dB) 

4.1 

(dB) 

Ml 

Link  Ptrfornonco 


tony-lorn  Ml  jo* 
Start-tore  Hiim 
fooilobility 
Fodo  Rory  in 


AUoMObto 

CdctiUtH 

(p44B> 

W.44 

1M7.M 

HfllM 

i.pmit 

I.IW4M 

(dB) 

30.1 
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|  DISCUSSION  | 

I  E.VIlsr 

Your  model  does  not  include  scintillation-type  of  fading.  I  submit  to  you  that  large  scintillations  occur  in  mm-wave 
i:  propagation,  and  that  there  are  now  both  experimental  results  and  long-term  modelling  (IEEE  Trans  AP  Aug.  86). 

j.  They  should  be  included  in  your  model.  Could  you  please  comment?  Thank  you. 

■  Author’s  Reply 

;  Well,  there  are  several  effects  which  we  realize  may  need  to  be  included  at  some  point.  We  were  not  sure  how  to  model 

'  some  of  these  effects.  In  the  case  of  scintillations  we  left  it  out  because  of  our  observation:..  On  the  27  km-path,  when  we 

!  were  observing  on  30.3  GHz,  we  would  see,  on  bad  scintillation  days,  peak-to-peak  scintillations  of  10  dB.  But  in  order 

to  have  a  reasonable  reliability  for  the  system,  we  knew,  we  had  more  than  10  dB  of  fade  margin.  We  have  made 
J  observations  at  96  GHz  on  a  17  km  path  in  Alabama  where  we  have  seen  peak-to-peak  scintillations  of  20  to  30  dB. 

Now  that  occurred  in  August  this  year,  this  is  fairly  recent  information  for  us.  We  know  now  from  that  combination  of 
I  information  that,  probably  below  the  60  GHz  absorption  band,  we  would  not  have  to  model  scintillation  for  any  system 

;  that  is  being  designed  for  a  great  deal  of  reliability.  We  did  on  occasion  see  these  scintillations  large  enough  to  cause 

some  bit  errors  but  they  did  not  significantly  affect  the  overall  distribution  of  the  bit-error  rate.  We  had  roughly  a  10  dB 
(  fade  margin  on  the  27  km  link.  So  we  did  sometimes  see  some  bit-error  rates  that  were  caused  by  scintillations.  Those 

i  bit  errors  did  not  depart  from  the  signal-to-noise  curve  defined  by  the  complimentary  error  function.  They  were  not 

I  dispersive,  they  were  basically  power  fading.  We  are  just  not  aware  at  this  time  of  how  to  make  predictions  of 

‘  accumulated  distribution  of  the  scintillation  effect  based  on  path  parameters,  like  the  average  temperature  and  the 

l  humidity  for  the  month  and  the  path  length,  and  frequency.  If  we  knew  that  dependence  it  appears  that  we  would  need 

f  to  include  that  at  frequencies  higher  than  the  60  GHz  absorption  band,  like  96  GHz.  But !  would  also  mention  that  on 

f  that  27  km  path  we  saw  variations  due  just  to  the  background  change  in  the  amount  of  <vater  vapour  in  the  air,  the 

diurnal  variation,  of  20  dB  in  signal  level,  just  due  to  changes  in  dear  absorption.  I  think  I  am  aware  of  the  paper  that 
you  are  talking  about,  but  only  of  its  existence.  I  did  not  look  at  it  dose  enough  to  see  whether  we  could  include  it  in  our 
model  or  not.  I  intend  to  go  back  if  we  decided  to  model  scintillation  and  see  whether  there  are  parameters  that  we 
could  easily  get  from  the  data  base  or  make  reasonable  estimates  of. 
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A.Hewltt 

What  factors  which  have  been  neglected  for  tropospheric  links  do  you  expect  to  need  to  include  for  earth-space  links? 

Author’s  Reply 

One  is,  we  neglected  the  effect  of  fog.  On  an  earth-space  path,  the  amount  of  attenuation  due  to  clouds  becomes 
significant  at  some  point.  I  have  done  some  calculations  that  indicated,  maybe  around  90  to  1 00  GHz,  that,  for  small 
percentages  of  the  year,  the  amount  of  attenuation  that  is  due  to  clouds  is  as  great  as  that  due  to  rain.  So  that  in  heavy 
thunderstorms  there  is  a  great  deal  of  liquid  water  content  in  the  clouds.  At  roughly  90  GHz  and  above,  there  can  be  as 
much  attenuation  due  to  the  clouds  as  due  to  the  rain.  There  again,  it  is  difficult  to  model  at  this  rime.  Otherwise  I  think 
that  the  only  problem  in  going  to  the  earth-space  path  is  to  be  getting  some  of  the  statistics  on  the  distribution  of  water 
vapour  in  height;  it  varies  with  time. 


A.N.Ince 

Would  you  not  take  into  accent  increase  in  noise  level  due  to  piecipiuuion  in  earth-space  paths? 

Author’e  Reply 

No,  we  have  not  taken  it  into  account.  I  suppose  we  will  have  to  take  it  into  account  for  the  earth-space  path.  On  a  space 
path,  we  would  need  to  take  into  account  die  noise-temperature  of  clouds  and  rain. 
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UNE  CAMPAGNE  DE  PROPAGATION  EN  MILIEU  MARITIME, 
UTILISANT  UN  SYSTfeME  NUMERIQUE  A  36  GHZ 
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SUMMARY 

Within  the  framework  of  the  NATO  study  group  AC.243  (Panel  3/RSG.8),  a  propagation  campaign  in  a 
maritime  environment,  took  place  at  the  end  of  1984  on  the  French  Atlantic  coast,  near  LORIENT. 

A  8.448  Hbit/s  system,  working  at  36  GHs  was  used  by  the  French  Delegation. 

A  transmitter  and  a  receiver  were  fixed  at  a  few  ten  aetera  height,  at  each  end  of  a  line  of  sight 
(LOS)  of  9.7  Kb,  fully  sbove  the  sea  level.  The  received  field  caae  from  the  addition  of  the  direct 
field  and  the  reflected  field. 

Among  others,  this  experimentation  was  to  study  the  attenuation  at  36  CHc  which  was  caused  by  rain 
and  the  behaviour  of  the  digital  linkin  function- of  the r surrounding  conditions. 

Met  and  oceanographic  sensors  were  placed  along  the  path.  Rain- data  were  measured,  on  the  trans¬ 
mitter  site  by  and  ordinary  tipping  -  bucket  rain  gauge  and  on  the  reception  site  hy  a  spectropluvio- 
meter.  This  optical  rain  gauge  which  has  been  created  recently,  gave  double  histogram  of  the  number  of 
drops  per  diameter  and  velocity  claaa. 

In  order  to  know  the  sea  state,  a  buoy  with  a  swell  sensor  was  anchored  close  to  the  line  of  sight 
(LOS).  It  provided  regularly  the  significant  height  of  waves. 

The  study  of  the  distribution  of  the  rain-drop  sice  measured  by  the  spectropluviometer,  shows  the 
good  agreeaent  of  these  data  with  the  distributions  of  Marshall  Palmer  or  Joaa  and  al.  . 

From  these  distributions  and  using  the  Mie  theory,  the  specific  attenuation  is  calculated. 

On  selected  periods,  the  whole  attenuation  on  the  link  ia  forecast  and  coapared  to  the  experimental 
values.  The  digital  transmission  analysis  reveals  that  the  link  quality  strongly  depends  on  the  eee  state. 

When  the  eee  ia  quiet,  the  reflection  of  a  part  of  the  incident  energy  on  the  water,  disturbs  the 
link  with  the  tide.  , 

In  caae  of  rain,  the  data  transmission  can  be  very  disturbed  and  even  stopped  during  e  few  minutes. 


1  -  INTRODUCTION  <N,U.) 

Les  applications  naveles  des  tdldcoemunicetion* ,  de  la  poureuite  ou  du  guidage,  off rent  un  certain 
nombre  de  perspectives  intdressantes  notamment  dans  le  domains  cenlimdtrique  ou  milliarftrique. 

Les  syetfcmea  utilises  dans  cas  applications  rayonnent  gdndralement  avec  une  faible  incidence  par 
rapport  ft  la  surface  de  la  mer.  Dans  ces  conditions  particulars* ,  la  prdsence  do  double  trajets,  du* 
ft  la  rdflexion  d'une  partia  de  I'dnergie  incidente  aur  la  mar,  at  1 'action  dea  hydromdtdorea  ont  das 
influences  ddterminantea  sur  la  propagation  an  milieu  maritime, 

Af in  d'dtudier  ces  phdnomftne*  deux  eempagnea  de  matures  organiades  par  la  sous-groupe  propagation 
du  ESC. 8,  commission  3,  AC.243,  se  sont  ddrouldat  d'oetobra  ft  Janvier  81-62  at  84-85.  Pour  dea  raisons 
scientifiques,  logiatiquea  et  tactiques  une  base  de  mesure  situde  antra  la  praequ'tle  de  GAVRES  et 
l'tle  de  GROIX  a  ltd  utilisde.  Cette  cone  da  la  c6te  atlantique,  au  sud  de  la  Bretagne,  eat  localisde 
ft  une  vfngtaine  da  kilomfttrea  au  sud-ast  da  LORIENT, 

La  longueur  des  liaisons  entre  la  aita  d'dmiaaion  situd  aur  l'tle  da  GROIX  at  le  aite  de  rdeeption 
ft  GAVRES  est  da  9.7  km.  Lea  matdrials  de  mesure  utilieds  dteient  placds  respect ivement  ft  48.2  m  et  13.2  m 
de  hauteur  par  rapport  au  niveau  sdro  dea  cartes  marines. 

Durant  la  campagna  84-85,  le  centre  d'dlectronique  de  1* armament  (CELAR) ,  a  mis  an  oeuvre  : 

-  un  ayatftma  numdrique  fonctionnant  ft  36  GHs, 

-  un  pluviomfttra  optlque,  aussi  appeld  spectropluviomfttre, 

-  une  station  mdtdorologlque  classique, 

-  une  boude  dquipde  d'un  captaur  permettant  da  meaurer  lea  earaetdriatiquea  de  la  houle. 


Cea  matdrisla  aont  ddcrits  an  detail  dans  la  paragraphs  2. 

11a  one  permit  : 

-  da  dd terminer  dc  fagon  sxpdrimentsle  1 'sffaibliesement  dfl  A  la  pluie, 

-  d'dtudier  le  cooporteswnt  de  la  liaiaon  numdrique,  en  fonction  des  conditions  d'environnement . 
Cea  deux  points  aont  exsminda  successivement  dans  lea  paragraphes  3  et  4. 

2  -  DESCRIPTION  DES  MATliRIELS  UTILISES  <N.U.) 

2. 1 .  LA  LI AX SOW  MUHERIQUE  A  36  C!U 

La  liaiaon  hertsienne  k  36  CH*  mi  sc  en  place  pour  cette  campagne,  a  dtd  tabriqude  par 
THCHSON-CSP.  Bile  pcmet  la  transmission  d 'informations  sous  forme  numdrique.  Cea  principales  caractd- 
riatiquea  spparaiesent  dans  le  tableau  2.1. 


Puissance  de  i'dmetteur 

50  mW 

Gain  dea  antenne* 

42  dB 

Polarisation 

linduire,  orientde  A  45* 

Ouverture  du  faiaceau  A  3  dB 

1.5  degrd 

Dynaaiqua  «hl‘  rdeepteur  — 

— environ  60  dB 

Modulation  numdrique 

MDP2  (modulation  dc  phase 

A  2  dtsta) 

Mbit  numdrique 

8.468  Mbit/. 

TABLEAU  2.1. 


Durant  la  campagne  le  niveau  du  champ  regu 
de  1  Ha  A  partir  dt  la  mesure  de  la  tension  de  C.A.C. 


A  1 ' entrde  du  rdcepteur,  dtait  obtenu  A  la  cadence 
et  d'une  courbe  d*dtalonnage  (tension  —  niveau). 


Pour  1*4 Cud.  «p4cif iqu.  d.  U  qu.lU4  d.  1.  li.i.oo,  un  g4n4r.teur  dr  bit.  WAHDEL  et 
COLTESMANN  dtait  utilisd  k  i'dmiesion.  Un  ddtocteur  de  mAmc  marque  comptait  le  uombre  d  erreura. 
i“d™  1«  «p;„Lut.  d«  c.pecitE  d.  conpt.g.  et  le.  pert.,  de  .ynchroni.etton  »  1.  reception. 


2.2.  5PECTR0PLUVICHETRE 


Ce  capteur  a  dtd  congu  pour  mesurer  de  fagon  prdciae,  sens  contact* 
pluvieuaea.  Un  traitement  da  sea  donndea  fournit  un  douole  hiatograamns  en  dm 
en  vltease  (de  0  A  10  m/a)  dea  gouttea  de  pluie. 


lea  prdcipitationa 
ifetre  (de  045  ■»)  et 


Le  claseeoent  eat  effectud  aur  16  classes  de  mAme  largeur  tU. 


2.2.1.  Princ  iES^de.,  la^meaure 

Une  diode  41.ctro-luoine.cnte,  4oett.nt  d.n.  1 1  inf r.rouge ,  foi«  »  rrever.  une 
l.nrille  conver.ente  et  un  di.phr.gue  rect.ngul.ire  horiront.l,  un  f.i.ce.u  p.r.ll414pip4<lique  (figu  e 
2  1!).  ce  fli'ceeu  «rfoclli.4^ur  un.  photodiode.  U  cour.nt  d»Uvr4  p.r  clle-ct 

pectiveaent  de  1.  t.ille  de.  goutte.  de  pluie  et  de  leur  vite.ie  de  chute. 

L'ennlitudu  m.xiu.l.  de  l'inpul.ion  eet  proportioonelle  *  le  .ection  office 
vert  ice  le  d.  1.  gout"  UdtL'e.d'un.  goutc,  .uppo.4.  Iphdrlque,  e.t  done  ddduit  d.  c.tt.  v.leur. 

2.2.2.  Calcul_de_l * intana i td,de_la_gluie 

Afin  d.  liait.r  le.  err.ur.  due.  .ux  eff.t.  d.  bord,  un  pr4-tr.it«oent  pero.t 
d'fliuiner  1..  goutt..  d.  plui.  dont  1.  vice  diff*r.  de  plu.  d.  50  X  de.  v.l.ur.  d.  GOTH  et  «KZW 

U1 '  h.  distribution  d«  goutte.  n  (D,  t)  p.r  o5  et  p.r  int.rv.ll.  d.  «-*«”  •*  «• 

vite...  e.t  obtenu.  »  p.rtir  du  noobre.  C  (D,  v),  d.  goutte.  comptde.  d.n.  ch.qu.  cl...e  d.  di.»»tr. 
at  de  vitesat .  La  diatribution  eat  tella  qua  : 

_  /ti  m  r  \ At  (fl.At.v  (D)).  (I) 


expraasion  dans  laqualle  t 

-  B  ast  la  surface  da  captation  du  pluviomAtra  (10  ma). 

-  At  ast  la  temps  d 'dchantlllonnaga. 
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La  viteaae  v  et  le 

de  cheque  claaae. 


Pour  chaque  dchanti 
v  (D)  aont  dlduitea  de  : 


iimitre  d t.  goutte.  D  lont  pri.  par  rapport  »  la  valcur  cantrale 
Homage,  la  concentration  en  gouttea,  (a'"*)  et  la  viteaae  noyonne 


N  (D)  -  £  n  (D,  v) 

V 

<2) 

V  (D)  -  t£  n  (D,  v).v]/N  <D) 

(3) 

V 


L’inteneitd  de  la  pluie  peut  ttre  calculde  k  partir  de  (2)  et  (3)  et  e'dcrit  : 

R  (cn/h)  -  3.6  106  jr  Em  <D).V  (D).D3  (4) 

D 

2.2.3.,  Incertitudedemeaurc 

Lea  meaures  de  diamdtre  et  de  viteaae  de  chute  dea  gouttea  de  pluie  aont  entachdea 
d  erreura.  Troia  cause*  principalea  aont  reaponaablea  de  cette  incertitude  : 

-  le  paa  d 'dchantillonnage, 

-  1' instrument,  par  construction, 

-  lea  conditiona  d'environnement . 


Lea  erreura  introduitea  par  1  'dchanti llonnage  aont  duea  au  comportement  atatiatique 
dea  averaea.  Pour  une  pdriode  de  60  s,  typiquement  utiliade  pendant  cette  campagne,  l'erreur  eat 
d'environ  8  X  aur  dea  intenaitda  de  1  mra/h  et  de  4  X  aur  dea  intensitda  de  100  un/h. 

La  force  du  capteur  gdndre  deux  typea  d'erreur.  Le  premier  eat  dQ  aux  effeta  de 
bord  :  une  goutte  peut  tonber  le  long  d'une  dea  deux  grandee  parole  verticalea  du  faiaceau.  Le  aecond 
intervient  loraqu'il  y  a  multiplicity  dea  gouttea  :  plue  d'une  goutte  eat  alora  prdsente  dana  le 
faiaceau.  Cea  deux  effeta  combines  conduiaent  4  une  erreur  globale  infdrieure  4  10  Z  dana  lea  taillee 
0.8  -  4.5  am.  L'erreur  aur  l'intenaitd  de  la  pluie  reate  toutefoia  infdrieure  1  1  Z  pour  lea  valeura 
n'excddant  paa  30  ma/h. 


Enfin,  dea  cauaea  externea  telle  que  la  nw-ephdricitd  dea 
de  vent  &  corapoaante  huricontale  forte  peuvent  nuire  dga  lenient "Y  la  precision 


gouttea  et  1 'existence 
dea  meaurea. 


2.3.  PLUVICKETRE  A  AUCET 


Cet  apparel 1  de  conception  clasaique  donne  une  estimation  de 
dea  precipitation*;  pluvieuaea.  La  aurface  de  aon  collecteur  eat  de  1000 
4  un  basculement  de  l'auget  eat  de  20  g,  aoit  0.2  no  de  pluie. 


la  durde  et  de  l'intenaitd 
cm2.  La  quantity  d'eau  ndceaaaire 


L'acquiaition  du  taux  de  pluie  a'effectuant  toutea  lea  6  mn,  le  paa  dldmentaire  de  meaure  eft 
done  de  2  mm/h. 


2.4.  BOJEE  DE  MESURES  DE  VAGUES 

Une  boude  dtait  mouillde  4  proximitd  de  la  ligne  de  visde.  Elle  procurait,  toutea  lea  demi- 
heurea ,  la  viteaae  et  la  direction  du  vent,  la  hauteur  significative  H  1/3  et  la  pdriode  T  1/3  dea 
vaguea . 


Cea  deux  derniera  param&tres  rdsultent  d'un  traitement  dea  variationa  instantendes  du  niveau 
de  la  mer,  enregistrdes  pendant  10  an.  Cea  donndes  dlabordes  dtaient  enauite  tranamiaea  4  une  atation 
terreatre  par  liaison  hertrienne  et  4  un  satellite  relid  au  systdme  ARCOS. 

3  -  tTUDE  EXPfRIMENTALE  DE  l'AFFAIBLISSEMENT  PAR  LA  PLUIE  <N,U.) 

Dana  le  but  d'dtudier  l1  influence  da  la  pluie  aur  la  propagation  dea  ondes  4  36  GHz,  une  analyse 
de  1  ‘attenuation  a  ltd  effectude  de  deux  manitres  complements  ires  : 

-  4  partir  dea  donndea  de  pluviomdtrie, 

-  4  partir  du  niveau  de  chomp  re$u. 

Avant  de  prdsenter  en  ddtail  lea  mdthodea  de  traitement  utiliades  et  lea  rdsultata  a*y  rapportant, 
quelquea  rappels  aont  donnda  ci-aprds. 

Lea  donndea  de  pluviomdtrie  mcaurdea  pendent  la  campagne  8h~85  et  qui  aeront  utiliades  dana  cette 
dtude,  aont  dgalemant  prdaentdea. 
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3.1.  RAPPELS  COHCERHAMT  L'ATItBUATIOH  PAR  LA  PLUIE  DBS  ONPES  MILLDCTRIQUES 

3.1.1.  Atc4nuation_lln4i^u« 

,  .  CMMinmt  1.  distribution  N  (D)  de  Is  tsllle  dss  souttss  ds  pluie  l'.ttAnu.tion 

llndt^s  p.ut  on  tire  didults  ?sr  Vssprsssion  clss.lqus  :  __  sttsnustlon 

A  (dB/km)  -  4.343  10_3  /”  H  <D)  Q  (D)  dD  (5) 

Dans  sect.  formula  : 


-  D  represents  le  disabtre  de  la  goutte  de  plule  en  an, 

-  H  (D)  dD  est  le  nombre  de  goyttes  dsns  Is  clssse  [D,  D  ♦  dD], 
par  unit<  de  volume  (a~  .na~  ), 

~  Q  (D)  eat  la  section  efficace  d' extinction  en  s*a2. 


En  auppoiant  que  lea  gout  tea  de  pluie  ont  une  forme  sphdrique,  Q  (D)  peut  ttre 
calculi  1  partir  de  la  thdorie  de  Hie  : 

X2  " 

Q  (D)  -  ^  Z  (2  n  ♦  1)  Re  (an  ♦  bn)  (6) 

n«l 

oii  : 

-  X  est  la  longueur  d'onde  incidente, 

-  an  et  bn  aont  lea  coefficients  de  Hie  exprime*  k  partir  dea  fonctions  de  Ricatti- 
Bessel  4>n  et  de  Hankel  hn.  Ces  fonctions  ont  pour  paramfctres  TO  et  m  IIP  (m  est 

l1 indice  de  refraction  de  l'eau).  X  X 


3.1.2.  Pi»tribut ions_de_ tail le_des_gout tea _de_pluie 

Comae  il  apparalt  dans  l'expreasion  (5),  le  calcul  de  l'attdnuation  lindique  passe 
par  la  connaisaance  de  la  distribution  de  la  taille  des  gouttes  de  pluie.  De  tellea  aesures  ont  dtd 
rdalisiea  pour  la  preai&re  fois,  en  1943,  par  LAWS  et  PARSONS  [3].  Les  rdsultata  se  prisentaient  alors 
sous  une  forme  tabulde  asses  difficile  A  employer.  Dfes  1948,  MARSHALL  et  PALMER  [4]  proponent  de  reprd- 
senter  les  distributions  sous  une  fonae  littdrale  plus  facilement  exploitable.  Cette  dcriture,  sffinde 
par  JOSS  et  si.  en  1968  [5],  utilise  la  fonction  suivante  : 

N  (D)  -  No  «  "  TD  (7) 

«vec  Y  -  a  R~  0-21  (8) 


No  et  a  sont  des  variables  dependant  des  distributions  (tableau  n*  3.1.).  Dana  (8), 
R  est  le  taux  de  pluie  en  mm/b . 


TABLEAU  3.1. 


3.2.  DOHNEES  DE  PLUVIOHETRIE  ME SURE ES  PENDANT  LA  CAMP ACME  84-85 

Les  diverse*  eituations  mdtdorologiques  rencontrdes  durant  1 'experience  ont  permit  d'acqudrir 
une  base  de  donndes  pluviomdtriquea  couvrant  lea  types  de  pluie  les  plus  frdquetMsnt  observes  «n  automne 
et  en  hiver  aui  les  cAtes  de  l'atlantique  nord.  Pour  les  different*  types  de  pluie,  les  distributions 
mesurdes  evec  le  apectropluviomttre  ont  dtd  compare es  aux  distributions  usuelles  de  MARSHALL-PALMER  ou 
JOSS  et  al.,  A  taux  de  plui*  identique.  '*  1  . — 

3.2.1.  Pluies  bru Incuse | 

La  bruine  est  une  pluie  fine  dont  l'intensitd  est  infdrieure  A  quelques  dixitmes  de 
mm/h.  C'est  une  pluie  que  l' on  rencontre  souvent  sur  les  cAtes  bre tonne*  et  qui  dure  gdndralement 
plusieurs  heures.  L'exsmen  des  figures  de  distributions  (fig.  3.2.1.  e,  b)  aontre  que  aeules  les  3  ou  4 
premUres  classes  sont  diffdrentes  de  0  (diamAtre  infdrieur  A  1.2  mm).  Le  distribution  celculde  de 
MJoss  bruine"  cat  en  accord  avec  lea  matures,  sauf  pour  la  pramilre  claaae  oO  le  nombre  de  gouttes  est 
surestimd. 


•««  principe,  It  tfwtnplaiidttn  wm  oa  type  da  plait,  lion  «n  Ua 
plwitMtni  eluiifau  eoan  la  plmioritn  I  asp at ,  j  root  laintilfbi. 

3.1.2.  Plulet  aorespet 

Im  diatribotiooe  auwOu  llii.  3.2.2;  a,  b)  aaat  aa  boa  accord  aoae  taa  diatribu- 
tioaa  da  MASOALUFAIMK  ou  "Joee-aoye*^".  Caa  dietrlbotleae  emetine**,  adaanoiaa,  la  ana  bra  da 
pocttu  daaa  laa  patitaa  ciaaaat .  Poor  laa  (reader  claaaaa,  laa  veleura  aaaardoa  aoot  aoovant  au-dacaoia 
da  callaa  dooadaa  par  laa  diatrlbatieaa  trpcoeatiellea. 

Daa  (Ottttaa  peovaat  attaiadra  oa  dlaadtra  da  *  aa  oat  dtd  aaaardaa . 

3.2.3.  Pluiaa  fortaa 

Daa  plaiaa  fortaa,  poor  U  rdgioa,  d'oaa  darla  da  twlcao  mimitaj  eat  dtd  ralrydaa 
alaaltandtaaat  par  la  apactroplaaiaadtra,  k  SATIS*,  at  la  plaaienktra  k  aopet  k  CSOIX.  Doraat  ca  type 
d'avaraa,  la  taoa  da  ptaia  a  parfoia  aacddd  30  aa/b.  Ua  diatribatioaa  corraapaadaataa  (tip.  3.2.3. 
a,  b)  a'tpptraattet  aaa  diatrlbatieaa  da  "Jeer-oraf*”.  Callaa -ci  eat  taadaaca  k  aoraatiaar  la  , oabra  da 
poattaa  daaa  laa  alaaaaa  aatrkaaa  at  k  aoua-aatlaar  laa  elaaaaa  aapaaaaa. 

3.3.  na  l'UTSSPATia)  A  fUTU  CM  DO— tl  BB 

3.3.1.  kttdaaatlaa  lladiaaa 

A  partir  da  l'dpuatioa  (3),  ua  pragraaae  da  ealeul  da  1‘attdoaatiea  liadipva  daaa 
la  daaaiaa  daa  diwktraa  eaapria  aatra  0  at  3  aa  a  dtd  aia  aa  place . 

Laa  dooadaa  d'eatrda  da  ca  prapraHM  aaat  i 

-  la  fcdpoeoca, 

-  la  diatribotiaa  da  tailla  da  pout  taa  da  ploia  (acaarda  ou  crlcolde), 

•  la  taapdratora  aabiaata. 

Oa  eooe-prnpr— a  paraat  da  taleolar  1'iadica  da  idfreetiea  da  l'aau  k  partir  du 

itadkla  da  Say  161. 

Oa  program  a  dtd  applipod  k  la  diatribatioa  tkdocipoe  (da  Marahall'Palaar  ou 
Jeaa  at  at.)  at  k  la  diatribotiaa  aapdriaaatale  (oaaord.  par  la  epoctraploviaaktrc). 

Daaa  laa  fiporaa  3.3  a  at  b,  1'attdaoatiaa  cokcolda  k  partir  daa  diatribotlaaa 
tbdotipoae  apporalt  as  paiotilUt.  taodia  poa  1‘attdaoatiaa  talcolda  k  porter  daa  diatrikotiooa 
aapdriaaa talar  oat  reprdeaatda  par  «o  asapa  da  paiata.  U  droica  daa  aaiudroa  carrda  CMrraapaodaat 
k  cat  rateable  diaarat  eat  aa  trait  pUia.  ttla  aapriaa  1‘attdaoatiaa  Uadtpoa  aaoa  la  hm  blaa 
■  tea to  i 

dr  (dt/ks)  *  a  *J  (*> 

ad  i 

•  a  at  k  aaat  ddteroiada  par  It  odtbada  dad  aaladraa  tarrda 

•  I  eat  la  taoa  da  ploia 

-  L’iadUe  t  eat  rtletif  eoa  oaaarta  affaatadaa  par  U  epattraploviaoken  aitod 

ao  aita  r*Mpt»**  f»l. 

i.‘a«al)*«  daa  tea  d'avaraa*  tlUoerrde  par  laa  ttparoa  3.3  a  at  k),  oaatr*  pa  laa 
paiata  da  oaaorai  aeutardept  pdadralaaoai  tier  tat  draita*  tbdertaoae.  bdtaatlaa,  tarvpoe  la  taoa 
do  ploia  ddptift  *oai?OM  WL,  it  apporalt  pur  laa  atldaoatlaaa  eelaalAee  b  partir  daa  dletribotioea 
aspdriaaaulpr  ttf.  •».««  aa-donoa  ibt  tlMtuilth  oitritwt.  Cat  dam  aet  N  k  U  tint  da  la 
dUwibUlM>t  prdaaeta  oa  aaabro  da  t»»naa  plat  ItpiitdM  daa*  taa  tlaaaaa  UtaroddUlrar  at  parfoia 
IMriu  (wi?  lifom  3. 2. 3,1. 

1.3.1.  Mtlartig  df  ^lldtm 

Aa  aappaaaot  ta  attoitoro  (ptttltadttlpa  da  it  plvla  Urn  baa  depart  el  d'aotm 
da  U  11a ‘aaa,  iVtdaoatUa  aa  alt#  Mltlat  poo*  ktra  dkdaita  da  (»)  .1  a‘**r<r*  i 

d*  (db/bo)  •  a  l|  <«•> 

hdt  iMH  ea^teeelaa  ^  til  U  taoa  da  plaia  ratavd  par  >  ploriuadtra  I  appat. 

L'attdaaatUa  (Itbtla  aor  -a  II  a  I  taa  eat  daaa  priaa  ttoa  dktni  U  acyvaM  «IUal* 
L<pot  daa  attdaaatiaaa  tladipaka  k  1* drier tea  at  k  U  tdooptlei  i 

At  (d»>  •  (it) 
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3-4-  CALCUL  DE  L' ATTENUATION  DEDUITE  A  PARTI R  DU  CHAMP  RECU 
3.4.1.  Mod^  li»*tion_du_EWnoo4n«_de^double_tr*jec 

■  composition  du  champ  dC  au  rayon  direct  et  du  champ  rdfldchi  par  la  mcr  conduit 
a  une  figure  d  interference  dont  lea  af faibiiaaementa ,  pdriodiques,  aont  d'autant  plua  profonda  que  la 
mer  eat  calme.  Pour  dtudier  dans  aon  ensemble  l'attdnuation  causde  par  la  pluie,  la  mdthode  consist*, 
bien  entendu,  &  aouatraire  le  aignal  meaurd,  (done  avec  pluie),  du  aignal  thdorique  equivalent  aana 
pluie . 


Ce  aignal  eat  calculd  4  partir  d'un  noddle  prenant  en  compte  : 

"  1' indice  de  rdfraction  de  l'air  avec  1'altitude, 

-  la  rotonditd  de  la  terre, 

-  le  diagramme  de  raycmnement  dea  antennea, 

-  le  coefficient  de  rdflexion  dana  la  direction  apdculaire. 

Pour  le  calcul  de  ce  dernier  coefficient,  e'est  l'expresaion  de  Miller  et  Brown  [7] 
qui  a  dtd  retenue.  En  effet,  dans  lea  aituationa  de  mer  agitde,  elle  prdaente  une  meilleure  concordance 
avec  les  mesures  effectives,  que  l'expresaion  de  Beckmann  et  Spizzichino. 

p  -  exp  [-  2  (2  n*)2]  I  [2  (2  Hi)2]  (12) 

o 

oQ  z  eat  la  rugoaitd  da  la  mer  et  I  -(.)  la-  f one t ion  da  Bessel  modi fi da  d'ordra  0. 

o 

Lea  paramdtrea  d'entrde  du  programme  de  calcul  correspondent  aont  la  hauteur  de  la 
marde  et  la  hauteur  H  1/3  dea  vagues . 

II  a'av&re  difficile  en  ae  baaant  aur  cette  mdthode  de  reproduire  lea  variations 
tempore  Lies  du  niveau  de  champ  requ  avec  auf f isamment  de  prdciaion. 

Cette  difficultd  eat  due  principa lenient  : 

-  4  la  mdconnaiaaance  de  la  structure  de  1‘ indice  de  rdfraction  de  l'air, 

-  aux  incertitudes  de  meaures  dea  hauteurs  de  vaguea  et  de  aarde. 

3.4.2.  B«cona t i tut ion^du^n ivcau-de-chamE_re£u 

On  suppose  que  le  aignal  requ  n'eat  paa  perturbd  par  la  pluie  et  que  Lea  variations 
pdriodiques  du  champ  aont  seulement  dues  1  la  marde.  On  a 'assure  en  examinant  les  conditions  mdtdorolo- 
giquea  que  l'on  ne  ae  aitue  paa  dana  un  caa  pouvant  engendrer  dea  variations  d' indice  de  rdfraction  de 
l'air. 


Pour  certainea  positions  du  niveau  de  la  mer  le  niveau  de  chaAp  re$u  paase  par  un 
extremum  (un  ellipsotde  de  Fresnel  eat  alors  tangent  a  la  surface). 

Le  principe  de  la  mdthode  utilisde  eat  done  de  repdrer  aur  le  signal  re$u  les 
instants  pendant  leaquela  les  ellipsoxdes  de  Fresnel  aont  tangents  4  la  surface  et  de  leur  asaocier, 
dans  le  caa  d'une  atmoaphdre  standard,  la  hauteur  de  mer  correapondante  calculde  4  l'aide  du  programme 
ddcrit  au  S  3.4.1.  Les  variations  inatantandes  de  la  mer  aont  enauite  interpoldes  puis  lisades. 

La  connaissance  du  profil  de  marde  et  dea  variations  du  coefficient  de  rdflexion 
apdculaire  permet  de  reconatituer  le  niveau  de  champ  re$u. 

En  1 'absence  de  pluie,  la  figure  3.4.1.  montre  que  lea  variations  dea  aignaux  me surd a 
et  calculds  par  cette  mdthode  aont  trda  prochea. 

Par  temps  de  pluie,  le  traitement  eat  plua  ddlicat  car  le  poaitionnement  dea  inatanta 
de  tangcnce  dea  ellipsoldes  de  Fresnel  avec  la  mer  peuvent  ne  plua  correapondre  avec  lea  extrtaa.  La 
reconstitution  du  profil  de  la  marde  a'appuie  alora  aur  les  extrdma  due  aux  trajeta  doubles.  Dans  ce 
caa,  la  position  de  cea  points  eat  inter polde  en  tenant  compte  du  profil  sinusoidal  de  la  marde.  Pour 
un  certain  n ombre  de  caa  correspondant  4  dea  pluiea  moyennes  ou  fortes,  les  attdnuations  ddduitea  du 
champ  re$u  ont  dtd  compardes  4  cellea  calculdea  4  partir  dea  donndea  de  pluviomdtrie  (figures  3.4.2 
et  3.4.3). 


Sur  1 'ensemble  dea  caa  traitda,  il  apparatc  une  bonne  concordance  entre  lea  attdnua- 
tiona  mesurdes  et  les  attdnuations  calculdea.  Ndanmoina ,  on  remarque  quelquefoia,  4  un  instant  dotmd, 
dea  dcarta  plua  ou  moina  importance.  I la  viennent  en  fait  eaaenticllement  dea  hypotheses  faitea  aur  la 
cellule  de  pluie.  En  effet  la  zone  pluvieuse  ne  prdaente  paa  toujours  un  profil  uniforme  tel  que  celui 
ddfini  dana  le  noddle.  En  outre  lea  aeulea  donndea  de  pluvicxndtrie  aux  extrdmitdt  de  la  liaison  ne 
permettent  pas  de  connaltre  les  variations  du  taux  de  pluie  aur  1 'ensemble  du  trajet  et  done  de  ddter- 
miner  1 'attdnuation  aur  la  liaison  4  chaque  instant. 

En  revanche,  lea  courbea  de  probabilitda  cumuldea  dea  attdnuations  mesurdes  et 
calculdea  aont  trda  prochea  l'une  de  l'autre  (figure  n*  3.4.4).  Cea  courbea  ont  dtd  traedea  4  partir 
de  2  dB  (%  0.2  dB/km)  4  cause  dee  incertitudes  de  meaures  entachant  lea  faibles  attdnuations  ;  elles 
tendent  a  prouver  la  validitd  de  la  mdthode  retenue. 
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Loraqu'il  pleut  eimultanlment  aux  deux  extrlaicls  d'une  liaiaon  hertsienne  d'une 
disaine  de  Wilcmltrea,  ou  moins,  la  frequence  d 'occurence  des  cttlnuetions  dan*  le  domains  millinltrique 
peut  £tr*  Iv^lule  correctement  &  partir  Je  la  distribution  dc  tailla  dea  gouttea  de  pluia  relevle  k  un« 
extrlaitl  da  la  liaiaon  et  du  taux  da  pluie  mesurl  k  1 'autre  extrlaitl . 

4  -  C0MP0R7ENENT  DE  LA  LIAISON  NUMtRIOUE  EN  FONCTIC*  DES  CONDITIONS  m£t£0R0L0GIQUES 

ET  ocEanooraphiques  (n.u.) 

4.1.  PE£SKHTATXOW  -  CEHSRALITBS 

La  miae  en  oeuvre ,  dan?  le  cadre  de  cette  ixplrience  d'une  liaiaon  A  diport  numlrique 
d'informationa  a  peraia  d'lveluer  la  quelitl  de  trenamiesion  de  dotmlee,  en  etmoaphfcre  maritime  dana 
le  domains  millimdtrique. 

Lea  paremfctrea  caractlriatiques  de  la  liaison  : 

-  taux  d'erreur, 

-  indie* teur  du  dlpaaaement  de  co&ptage, 

-  indicateur  de  perte  de  synchronisation, 

oat  ltd  anregistrls  toutea  lea  12  aecondea  pendant  toute  la  durle  de  la  campagne. 

_3  Lea  deux  derniers  indicateura  aont  activla  quand  le  taux  d'erreur  eat  au  moina  auplrieur  k 

10™  .  Dana  ce  caa  prlcia,  la  liaiaon  peut  alora  £tre  eonaieerle  comma  couple.  Du  fait  de  la  faible 
altitude  dea  antennas,  l'ltat  de  la  mar  influe  de  fagon  importanto  aur  le  niveau  de  champ  rtyu.  L'ltude 
du  comportement  de  la  liaiaon  numlrique  a  done  por tl  aur  lea  aituationa  de  mar  calae  et  de  mar  agitle. 
Lea  caa  de  pluie,  engandrant  de  fortes  attenuations,  ont  ltd  Igalesmnt  analysis. 

Pour  cea  difflrenta  caa,  la  c our be  dea  probability  cuaullea  du  niveau  de  champ  moyennl  aur 
12  aecondea  et  la  courbe  de  probabilitla  cumullaa  du  taux  d'erreur  ont  It!  trades  (figures  4.2.1. 1, 

4.2, 1.2).  La  durle  dea  Ivfcncments  oCi  la  liaiaon  eat  couple  (taux  d'erreur  auplrieur  k  10  3)  a  auaai  It! 


4.2.  AKALYSE  DBS  RSSULIATS 

4.2.1.  Sit  at ion*_de  jner  j;alme 

(Eta to  de  le  mer  1,  2,  3  de  l'lchelle  de  Douglae  }  H  1/3  <  1.2  m). 

Lorsque  le  mer  eat  calm*  ou  pau  agitle,  le  champ  ru$u  a'affaiblit  plriodiquemant  en 
fonction  de  le  heuteur  du  niveeu  de  la  mer.  Lea  variations  du  taux  d'erreur  correspondents*  a'oppoaent 
k  celles  du  niveau  da  chap.  La  transmission  dea  donnlaa  ast  awillaura  aur  lea  maxima.  Elle  at  dlgrada 
quand  la  niveau  de  champ  diminue.  Sur  lea  minima  da  champ,  la  liaiaon  eat  glnlralemant  couple  pendent 
quelques  disaines  de  aecondea.  La  plus  longue  interruption  relevle  a  ltd  de  4  minute*  environ.  On  note 
euasi  que  le  durle  maximale  pendant  laquelle  la  liaison  numlrique  a  fonctioiml  tana  diacontinuer  eat 
d'k  peu  prts  4  hc.uj.ts.  Afin  de  quantifier  ces  observation*  une  analyae  atatiatique  porteut  aur  140  heurea 
a  It!  effectule.  Cea  figuraa  n*  4.2.1.  reprlsenunt  lea  probabilitls  cumullaa,  on  dlduit  le  tablaau 
4.1.  auivant  : 


Taux  d'arrauf 

<v 

Pourcantaga  da  taap. 
durant  laqual  1.  taux 
d'arraur  a.t  lndrlaur 

»te 

Mar,a  bruta 
cotraaponlanttt 

1,1. 10*5 

50 

-  31  « 

1.10"" 

-  43.3  II 

l.lo"* 

96.6 

-  44  II 

TA2UAU  4.1. 

Pendant  3.2  X  du  temps  de  f one tionn ament,  la  liaison  Itait  couple, 

4.2.2.  §Us*tlonjJ|.s.£.HiU. 

(cut.  a.  la  n.r  4,  5,  6  d»  1'lch.lla  d»  Dougla.  ;  M  1/3  >  1.3  ■). 

Quand  l'ltat  la  la  a.r  augaanta,  lat  <f f aiblU.Mwntl  plrioliquo.  d*vi«tm«ot  la 
aoin,  an  aoin.  pronond,  pour  llaparattta  4  l'ltat  3.  La  nlvaau  la  ehaap  tat  alora  quaiiaast  c  octant 
(-  40  12)  at  la  taux  I'arraur  aa  iltua  an  aoyanna  vara  10  s.  On  n'obaarva  pic  la  eoupurt  dana  la 
tramalaaion  da.  donnlaa. 


Ui  rdaultr*-..'  d  un*  tnalyat  atatiatiqua  portaat  aur  102  haurtt  (oat  rtprdatntda 
figure*  n*  4.2.1.  at  l-tunda  dana  It  tablaau  a*  4.2.  ci-apri*. 


Taux  d'arraur 

<V 

Pourctatap*  da  tanpa 
durant  ltqnal  1*  taux 
d'arraur  aat  infdriaur 

»T1 

Marg*  brut* 
corr*«pKmii*nt* 

1.1. io"5 

50 

-  31  dB 

3.10-5 

99 

-  41.3  dB 

7 . 10_s 

99.9 

-  43  dB 

1.10*" 

99.95 

-  43.5  dB 

TABLEAU  4.2. 


Qual  qua  aoit  1 'dtat_da  la  aar,  11  apparalt  dana  laa  Cablaaux  4.1.  at  4.2.  qua  la 
mar  fa  bruta  pour  ua  taux  d'arraur  da  10  ;  aat  da  44  dB  auviroo . 

4.2.3.  gjtuatloaa  avac  alula 

lua  ebutaa  da  plula  oat  eauad,  parfoia,  daa  affalbliaataont*  profooda  at  durablaa. 
Illaa  oat  coupd  la  llalaoa  nuudriqut  paadaat  plualaura  alautaa.  Daa  coupuroa  da  plua  da  20  alautta  oat 
dtd  raltvdaa. 

L'aetloa  daa  pluiaa  laportaataa  aat  illuatrda  par  la  fi|ur*  4.2.3.  qul  raprdaaata 
1*  cat  d'uoa  aar  agltda  avac  plula  noyau;*  pula  forta.ln  l'abaaaea  da  prdcipitation,  la  liaiaoa 
tranaaat  laa  dooed*a_*«ac  ua  taux  d'arraur  aoytn  da  10~5.  loua  l'aetloa  d'uat  plula  ueyaaaa  la  taux 
d'arraur  atria  da  10  s  4  (.10  *.  Inf in,  aoua  l'affat  d'una  plula  fort*,  la  llalaoa  aat  alora  coupd* 
paadaat  10  an . 


5  -  CONCLUSIONS  (N.U.) 

La  ctapagat  d'txpdrlaaatatloa  coeduita  par  la  aoua-iroup*  propagation  du  MO.t  -  conaiaaioa  3  - 
AC, 243  a  fourai  ua*  inport ante  bat*  da  docadaa  radiodlaetriquat,  at  da  pluvlandtrla,  raprdaaatativ* 
daa  condition*  adtdorologiquaa  at  ocdaoegraphiquaa  da  la  cBt*  atlaatiqu*  bratooaa. 

La  coatrlbutloa  franqait*  4  cotta  canpagoa  a 'aat  aad*  aur  daux  thtaa*  t 

-  1 'attdouatloa  par  la  plula, 

•  1'dtuda  du  c  cohort  font  d'uoa  llalaoa  emadriqu*. 

3.i.  tjmmn  tvm 

La  aoaaibilitd  du  tpactropluvlcnbtra  a  parala  da  otaurtr  prdciadataot  laa  diatrlbutloo*  da 
taillt  da  poutcaa  da  plula.  Illaa  apparaiattat  dana  l'aaaanbl*  conforaaa  tux  diatrlbutloo*  propotdta 
par  Marahall-Paluar  at  Joat  at  al.  • 

A  partir  4*  cat  loandaa ,  l'attdauatio*  plebala  aur  la  liaiaoa  a  dtd  ealould*  at  coopcrda 
avac  l'attdauatio*  uaturdo.  Coopt*  tea*  da  la  loopuaur  da  la  Ualtoo  at  la  prdatoe*  da  trajat  doubla, 
la  prddlttioa  a*  pouraaatap*  da  tanpa  da*  attdouatloa*  par  la  plula  I  partir  daa  taulaa  daandat  da 
pauvieadtrlt  apparalt  aatltfalkaata. 

flggaaBLJLtLHSttaL  MM 


La  qualitd  da  la  traaoaiai'j*  omdrlqu*  aat  dlraotaoaot  lid*  au  aivaau  da  ebaop  raqu. 

A  auadatiaaa  adtdaraSoplquaa  Uaatiquaa,  la  traaaadaaloa  oundrlqu*  *tt  d'autaat  oalllaur*  qua  la  oar 
aat  apltd*. 

La  plula,  at  1*  phdaondr.a  da  rdf  lax  Lot  aur  la  aar,  attdouaat  da  (aqo*  unlfonaa  1*  aipaat 
data  tout*  la  band*  da  troiaalaalaa.  Daa  taus  d'arraur  anaraataoaat  dlovda,  at  qul  aaraiaat  aopaadrd* 
par  daa  trajat*  oultlpla*  atnaapfedrlqua*.  (aauta  d'affalblitaaaaat*  id  tact if*  a*  (rdquaaaaa),  a'oot  pa* 
dtd  abaorvda, 
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Lss  auteurs  rewreient  la*  diffdrentas  personnel  qui  out  collabord  A  divan  titns  4  cas 
axpdrimantatiens.  In  par' 'eulisr  i 

-  le  CMXT/CXPE  put  a  pried  et  mis  an  oeuvre  son  spectropluviomltn , 

-  la  (MM  de  l'IPBZMXX  at  l'EPSMOM  qui  out  respectivsnsat  fourni  cl  mis  so  place  la  boude 
da  naaure  de  vagus* . 
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Figures  4.2.3.  :  Influence  de  la  pluie  sur  la  transaisaion  numdrique. 
(le  14.12.1984) 


DISCUSSION 


L.Boithias,  FK 

Avez  vous  essayc  d’appliquer  ues  mcthodes  generates  de  calcul  d’affaiblissement  par  la  pluie,  deja  publiees,  et  en 
particular  colic  du  CCIR,  pour  etudier  la  precision  de  ces  mcthodes? 

R£ponsc  dWuteur 

Nous  n'avons  pas  encore  envisage  de  faire  dcs  statistiques  mais  cela  pourrait  etre  fait  effectivemcnt. 


C.Goutelard,  FR 

Les  mesures  des  taux  d’erreurs  moyens  sur  des  periodes  de  1 2  secondes  sont  tres  interessantes.  Cependant,  il  serait 
necessaire  de  les  completer  par  des  lois  de  distribution  si  vous  envisagiez  d’elaborer  des  codages  correcteurs. 

De  toute  fafon  cette  information  serait  utile  en  tant  que  donnees  pour  les  specialties  de  traitement  de  Tinformation. 
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Guidance  and  control 
Ground  characteristics 
Tropospheric  interface 


Modem  system  development  reouiree  serious  retention  to  the  operational  environment  and 

inthe  vicinity  of  the  earth  surface  predominantly  depend  on  characteristics  of  the  near^ground 
propagation  medium  as  well  as  on  its  lower  boundary,  the  groundeurface,  or  on  the  ‘terrestrial 
propagation  characteristics  * 

Rwamch  work  canied  omdurirg  the  list  few  decades  hm  resulted  In  data  banks  and  other 
information  on  avenge  behaviour  of  parameters  concerned,  such  as  ground  profiles,  vegetation  and 
'  electrical  characteristics,  /bi  effident  np^atioo  of  modem  systems  of  cornmuniCation,  surveillance, 
guidance  end  control  requires  more  and  more  details  of  ground  data  and,  parttealariy,  of  their 
deviation  from  avenge  values  on  account  of  anthropogencous  effects  In  addition  to  seasonal  and 
diorael  variations. 
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